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Abstract The performance of bimorph cantilever energy harvester subjected to horizontal and vertical exci-
tations is investigated. The energy harvester is simulated as an inextensible piezoelectric beam with the Euler—
Bernoulli assumptions. A horizontal base excitation along the axis of the beam is converted into the parametric
excitation. The governing equations include geometric, inertia and electromechanical coupling nonlinearities.
Using the Galerkin method, the electromechanical coupling Mathieu—Duffing equation is developed. Analyt-
ical solutions of the frequency response curves are presented by using the method of multiple scales. Some
analytical results are obtained, which reveal the influence of different parameters such as the damping, load
resistance and excitation amplitude on the output power of the energy harvester. In the case of parametric exci-
tation, the effect of mechanical damping and load resistance on the initiation excitation threshold is studied.
In the case of combination of parametric and direct excitations, the dynamic characteristics and performance
of the nonlinear piezoelectric energy harvesters are studied. Our studies revealed that the bending deformation
generated by direct excitation pushes the system out of axial deformation and overcomes the limitation of
initial threshold of parametric excitation system. The combination of parametric and direct excitations, which
compensates and complements each other, can be served as a better solution which enhances performance of
energy harvesters.

Keywords Piezoelectric energy harvester - Electromechanical coupling Mathieu equation - Parametric
resonance - Nonlinear dynamic characteristics - Method of multiple scales

Nomenclature

A Complex-valued function

a Response amplitude

b Width of beam

c Damping coefficient

c Non-dimensional damping coefficient

Cp Capacitance of the piezoelectric layers
ds; Piezoelectric strain coefficient

hy Thickness of the beam

J Jacobian matrix

L Length of the piezo-beam

m; Mass per unit length of the beam

P Output power
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Electrical load resistance

Time (1 = wot)

Thickness of the substrate layer

Thickness of each piezoelectric layer

Horizontal direction displacement of piezo-beam relative to o'x’y
Vertical direction displacement of piezo-beam relative to o'x’y’
Dimensionless vertical displacement

Output voltage

Dimensionless output voltage

X The horizontal direction displacement of the base relative to oxy
y The vertical direction displacement of the base relative to oxy
Dimensionless vertical displacement

Young’s modulus of the piezoelectric layer

Young’s modulus of the substrate layer

oxy Inertial coordinates

o'x’y’  Base-fixed coordinates
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s, & Coordinate along neutral axis

cc The complex conjugate of the preceding term
Pp Density of the piezoelectric layer

Os Density of the substrate layer

£3T3 Permittivity at constant stress

8393 Permittivity at constant strain

Yi Bending stiffness of the piezo-beam

o Electromechanical coupling coefficient
Qy Parametric excited frequency

Qy Direct excited frequency

¢n(s)  Eigenfunction of clamped-free beam

Bn Frequency parameter of cantilever beam

o Natural frequency of the nth mode
Oy Non-dimensional parametric excited amplitude
8y Non-dimensional direct excited amplitude

W Horizontal excited phase angle
g Small perturbation parameter
o Detuning parameter

1 Introduction

Vibration energy harvesting provides a promising approach for a self-power source of portable devices or
wireless sensor network system. The electromechanical coupling theory of piezoelectric composite beam has
been developed [1,2]. Some reviews of piezoelectric energy harvesting system have recently been published
[3-9]. Most of the researchers have focused on using a linear model of vibration energy harvesters [10-20].
In the case of the resonance frequency, the linear model of the harvester will maximize the output power for a
given excitation frequency spectrum. Once the excitation frequency drifts away from the harvester’s resonance
frequency, the harvesting energy drops significantly and results in the energy harvesting process inefficient.
Meanwhile, the linear model is not suitable for vibration sources which are with time-varying frequency or
distributed over a wide frequency range because of the narrow frequency bandwidth of the linear resonators.
To overcome this shortcoming, various nonlinear energy harvesters have recently been proposed to achieve
harvesting energy over a broad frequency band.

Some researchers have investigated the nonlinear hysteretic behaviors such as the hardening or softening
hysteresis. The nonlinear hysteretic behaviors can be deliberately invoked to broaden the frequency range of the
harvesters. Mahmoodi and Jalili [21] analytically studied and experimentally verified the vibration response of
the piezoelectric cantilevered beam which considered the inextensible condition, geometrical nonlinearities and
the electromechanical coupling. Triplett and Quinn [22] studied the effects of the electromechanical coupling
nonlinearities on the performance of vibration-based energy harvester by using the lumped-parameter nonlinear
model and the perturbation analysis. The performance of the corresponding energy harvesting system was
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compared with the linear energy harvesting systems. Cottone et al. [23], Ferrari et al. [24] and Stanton et al.
[25] derived an analytical model of cantilevered piezoelectric beam coupled to permanent magnets to create a
bistable system and studied the spectral response of the bistable harvesting system under stochastic excitation.
The study showed that the bistable energy harvesting system can provide better performances compared to
the linear one in terms of the energy extracted from a generic wide spectrum vibration. Stanton et al. [26],
Abdelkefi et al. [27] and Leadenham and Erturk [28] proposed and experimentally validated a nonlinear
distributed parameters model of cantilevered piezoelectric beam which included piezoelectric nonlinearities.
Panyam et al. [29] used the method of multiple scales to construct analytical solutions of bistable vibration
energy harvesters and investigated the amplitude and stability of the intrawell and interwell dynamics of the
harvester under harmonic excitations. Vijayan et al. [30] developed a vibration impacting system for converting
low frequency response to high frequencies to explore the effect of frequency up-conversion on the output power
of the harvester. Daqaq et al. [31] highlighted the role of nonlinearities in the transduction of energy harvesters
under different types of excitations, which focused on the use of nonlinearity to improve the performance
of vibratory harvesters. Pasharavesh et al. [32,33] proposed a nonlinear mathematical model of cantilever
and doubly clamped piezoelectric energy harvesters by variational approach. Firoozy et al. [34] studied the
nonlinear dynamic behavior of a unimorph piezoelectric cantilever energy harvester with and without a tip
mass subjected to a harmonic excitation. Gafforelli et al. [35,36] reported a comprehensive modeling and
experimental verification of a bridge-shaped nonlinear energy harvester. Yang and Towfighian [37] presented
a hybrid nonlinear energy harvester which combined bistability and internal resonance effects to broaden the
frequency bandwidth of energy harvesters. Wang et al. [38] investigated the response of nonlinear piezoelectric
energy harvester by harmonic balance and the method of multiple scales and compared the relative accuracy
of the two methods. Zhu et al. [39] developed a novel tristable energy harvester with two external magnets to
improve the efficiency of harvesting vibration energy.

The parametric resonance can significantly enhance the performance of the energy harvester and raise the
interest of many researchers. Daqaq et al. [40] investigated a cantilever piezoelectric energy harvester under
parametric excitation. In their study, a nonlinear lumped-parameter model was proposed to describe the first-
mode dynamics of the harvester. Jia et al. [41-44] proposed a novel design and working mechanism in order
to reduce the initiation threshold and overcome the shortcomings of the parametric resonance. The results
showed the parametric resonance could serve to widen the operational frequency bandwidth and enhance
the energy harvesting. Abdelkefi et al. [45] derived a global nonlinear distributed-parameter model of para-
metrically excited piezoelectric cantilevered harvester. The proposed model accounted for geometric, inertia,
piezoelectric and fluid drag nonlinearities. Bitar et al. [46] presented a discrete model for the collective dynam-
ics of periodic nonlinear oscillators under simultaneous parametric and direct excitations, which was suitable
for several physical applications. Chiba et al. [47] investigated the dynamic stability of a vertically standing
cantilever beam under simultaneous horizontal and vertical excitations. Mam et al. [48] presented a nonlinear
distributed-parameter model of the piezoelectric energy harvester under direct and parametric excitation, in
which geometric and piezoelectric nonlinearities were considered. Based on the proposed model, some critical
issues related to the energy harvester are investigated. But they did not study the performance of the energy
harvester under combination of parametric and direct excitations. Considering geometrical nonlinearity, Fang
etal. [49] investigated the performance of cantilever piezoelectric energy harvester under parametric and direct
excitations. In their study, the harmonic balance method was used to find analytical expressions of the fre-
quency response curves. But the stability of the solutions and the effect of the load resistance on the initiation
threshold were not investigated.

Le and Yi [50-53] demonstrated that the rigorous first-order approximate 2-D theory of thin smart sandwich
shells can be derived from the exact 3-D piezoelectricity theory by the variational asymptotic method. An
error estimation of the approximate 2-D and 1-D equations has been obtained [52,53]. When the length of
the beam is much larger than the thickness, the Euler-Bernoulli assumptions can be applied to sandwich
piezoelectric beam. In this paper, the nonlinear dynamic performance of parametrically and directly excited
cantilevered piezoelectric energy harvester is investigated. Based on that the authors proposed the governing
partial differential equations [49], analytical expressions of the vertical displacement and output voltage are
obtained by the method of multiple scales. Some critical issues related to energy harvesting are investigated,
such as the influences of the damping, load resistance and excitation amplitude on the performance of the energy
harvester. Meanwhile, improving the performance of the energy harvester is studied by the combination of
parametric and direct excitations.
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Fig. 1 Model of cantilevered piezoelectric beam for energy harvesting

2 Mathematical model of energy harvesting system

A uniform bimorph piezoelectric cantilever beam under its base horizontal and vertical excitations is shown
in Fig. 1.

The beam consists of one substrate and two piezoelectric layers, in which L is the length, b is the width,
hy = t5 + 2, is the thickness of the beam, f is the thickness of the substrate layer and ¢, is the thickness of
each piezoelectric layer. Ry is the load resistance. The piezoelectric layers and substrate layer are perfectly
bonded to each other by two in-plane electrode layers of negligible thickness connected to the load resistance.
The continuous electrode pairs covering the top and the bottom faces of the piezoelectric layers are assumed to
be perfectly conductive so that a single electric potential difference can be defined across them. Therefore, the
instantaneous electric fields induced in the piezoelectric layers are assumed to be uniform throughout the length
of the beam [12]. The beam is treated as the Euler—Bernoulli model, in which shear deformation and rotatory
motion are neglected. Setting the oxy coordinate as the inertia coordinate, the fixed-end displacements of the
beam are w, (¢) and wy (¢) in the horizontal direction and vertical direction, respectively. The o’x"y’coordinate
is set at the fixed end of the beam. s is the coordinate along the middle plane of the beam. u(s, ¢) and v(s, ) are
the displacements of the beam relative to the o’x’y’coordinate system. u(s, t) is in the x” direction and v(s, 1)
in the y’ direction. The beam is assumed to be inextensible.

Based on the Euler—Bernoulli beam theory and the generalized Hamilton principle, and taking up to the
cubic order of v, the governing differential equations of motion can be obtained as follows [49]:

mt[v + U)y]’[t + Cv,[ + YI (V//// + v/ZV//// + 4V/V//v/// + V//?y)

K L pé&
+ [V (L —5) =V]mwye . + %mt |:v’/0 (v?), ds — v”/s /0 (), dsdé}

—aV {(1 + Ly [d‘s“) O L)] V[ (s) — 8 (s — L)]} —0 (1)
2 ds ds

L”1l/2dcv L—0 2

“/o [”<+2” )LHP”RL_ @

where §(s) is the Dirac delta function prime (") indicates the derivative with respect to the arc length, s. m; =
2pptpb + pstsh, pp and ps are the density of the piezoelectric and substrate layers, respectively. Y1 = YsIs +
2¥,b (3%, + 382 + 17, Y, is the bending stiffness of the substrate layer, h = 1,/2.& = Ypbdy (h + %),

= bes = . . . . . .
Cp = %, Cp = CpL. a is related to the electromechanical coupling coefficient. C,, is the capacitance of
p

the piezoelectric layers. The above equations are a nonlinear distributed-parameter model of the cantilever
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piezoelectric harvester under parametric and direct excitations. The horizontal excitation has been converted
into the parametric excitation.

Introducing the dimensionless parameters shown in Eq. (3), the governing equations (1) and (2) can be
rewritten as Egs. (4) and (5) in the dimensionless form.

§=s/L,E=E/L, 0 =v/L, 0y = wy/L, Wy = wy/L
wy =/ YI/mL* © = wot, ¢ = c/(mwy), 0y = Qy/wo, wx = Qy/wp
V = a)oL,/m,/C_‘p\_/, o= a)oL2 m,C_‘p& 3)

5—}-55 4 17”” 4 17/21_)//” +41—)/1—)//1—)/// + 5”3

. e P
+[0" (1 =5) = 0Ty + 7 / (V0 +0'V') ds—1" / </ w/a#a/a/)df)ds
0 5 0

- 1 _,\[dsG) dsG—-DT ., _ _ =
—aV{(l-l-Ev )|: I G i|-|—v v [8(5) —6(s — 1)]} = —wy 4
. 1
V4 uV +&/ [5”+%5/25”+5”5’5’} ds =0 (5)
0

where €2, and 2, are the parametric and direct excited frequencies, respectively. v is dimensionless vertical

displacement and V dimensionless voltage. u = W, () indicates the derivative with respect to the time
p

variable, t.

3 Approximate analytical solutions

To obtain analytical solutions of the nonlinear governing equations (4) and (5), the Galerkin method and the
method of multiple scales are used.

3.1 Reduced-order model

Using the Galerkin method and assuming the excitation frequency is very close to the nth modal frequency,
we focused on the n-th vibration mode of the beam and neglected the interactions with other modes. The
transverse displacement v(s, t) is decomposed into the products of generalized time-dependent displacement
amplitude w, (t) and orthogonal mode shape function ¢, (s) as

v(s, T) = Wy () ¢p (5) (6)

where ¢, (5) is the linear normalized mode shape functions of the Euler—Bernoulli beam with fixed-free
boundary conditions, which can be expressed as:

cos ,3_,, + cosh ,3,1

5) = cosh 8,5 — cos B,5 + = =
&n (3) Bn Bn sin B, + sinh f,

(sin B,5 — sinh B,,5) (7)
v_vhere B,% = wy, Op = wy/wp, w, is the n-th eigenfrequency of free bending vibration of the cantilever beam,
Bn are the roots of the following frequency equation.

coshB,cosB,+1=0 (8)

Substituting Eq. (6) into Egs. (4) and (5), multiplying Eq. (4) by ¢,(5), and subsequently integrating over
the length of the beam, we yield a set of nonlinear ordinary differential equations of motion.

Wy + 260, + (@7 + 26, Wy) Wy + By + kn (W3 + Wyty) Wy — & (Cn + yap) V = —Apiwy  (9)
V A+ 1V + & (ny + xa®2) iy, =0 (10)
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where the coefficients are defined in Eq. (Al) (see “Appendix A”). We can prove n, = Cu, Xn = Vn (see
Eq. (A2) in “Appendix A’ ). The term ,an describes cubic geometric nonlinearity, &, (w2 + W)Wy IS
inertia nonlinearity. 25,1, and A, 0 y are the parametric and direct excitations, respectively. Equation (9) is the
electromechanical coupling Mathieu—Duffing equations with geometric and inertia nonlinearities as well as the
external force and voltage terms, which describes the nonlinear dynamical equation of cantilever piezoelectric
beam of a single mode approximation under parametric and direct excitations. The electromechanical terms
of Eq. (9) are proportional to voltage and the square of the displacement amplitude. The electromechanical
terms of Eq. (10) are proportional to the velocity and the square of the displacement amplitude. Equations (9)
and (10) are similar to the equations of the lumped-parameter nonlinear model presented by Daqagq et al. [40],
but different from them. The electromechanical coupling terms of Egs. (9) and (10) include nonlinearity.

3.2 The method of multiple scales

The method of multiple scales [54,55] will be used to obtain the frequency response curves of the nonlinear
piezoelectric energy harvester. For an analytical solution of the present problem, harmonic excitations are
assumed as the following form:

Wy (1) =8y coswyT Wy (f) = 8y cos (wyT + V) (11)

where 8, and 8, are the non-dimensional amplitudes, respectively. ¥ is the phase angle.
Using Eq. (11) and introducing a small perturbation parameter ¢, Eqs. (9) and (10) are rewritten in the
following form:

Wy + 2w, + (c?),zl + 28, € cos a)xt) Wy + Bnew + kye (W7 + Wy ) Wy
—oe (g“n + Ppw ) vV + Syns cos(wyt +¥) =0 (12)
VA i1V + & ( + xa2) iy =0 (13)

where ¢ = &¢, 6,8, = 83xn, B = 8,3,,, Kn = EKp, {n = 8§n, Vi = EVn, X ndy = 83‘”

In the present analysis, assuming that the first bending modal of the beam should be the dominant mode
of the system, only one modal (n = 1) is retained and others are neglected. In what follows, the subscript
n of Egs. (12) and (13) will be omitted. In order to achieve parametric resonance, it has been shown that
the horizontal excitation frequency w, needs to be approximately twice the vertical excitation frequency wy.
Introducing the non-dimensional excitation frequency, @, wy and w, should be expressed as w, = 2w and
wy =  [40,41].

Using the method of multiple scales, approximate analytical solutions of Egs. (12) and (13) can be obtained.
The time dependence is expanded into multiple time scales in the form [54,55]

T, =¢"t forn=0,1,2,... (14)

where ¢ is a perturbation parameter. 7y and 77 are the time scales. 7o = 7 and 71 = ¢r.
The time derivative can be expressed as the following form [54,55]:

d d? 5
— =D, D +---,— =D§+2eDyD; + --- 15
iz o+ D1 + 422 o +2eDoDy + (15)
where D,, = 8/9T,,. w(t) and V (7) can be expanded by order of ¢ as follows:
w(t, &) = wo(To, T1) + ew(To, T1) + - - -
V(z,e) = Vo(To, T1) +eVi(To, T1) + -+~ (16)

To express the nearness of the excitation frequency to the first modal frequency of the harvester, we introduce
a detuning parameter o.

wy =0+ &0
wy = 2w + 2e0 (17)
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where o quantitatively describes the nearness of the resonance frequency o [54,55]. Substituting Eqs. (14)—
(17) into Egs. (12) and (13), and truncating at order ¢ and separating the terms of different orders of ¢, the
following equations are obtained.

80 N
D2 =2 -

owo + @ wp =0 (18)
DoVo + Vo = —&(n + xwg) Dowo (19)
81 N
D3y + &>y = —2Do Do — 2¢ Doy — 28, g cos (2wt + 260 T) — g

—& (o (Doiwg)? + Wi Do) + & + pwd) Vo — 8y cos(dt + eot + ) (20)
DoVi + 1V = —a&(n + xw§) (Do + Dyibg) — Dy Vo — 2a x 1w Doibg (21)

The solutions of Egs. (18) and (19) can be obtained as follows.

wo = A(T)) exp(ioTy) + cc (22)

_ 3 AA)idA qaxiA3

7 = At xANIOA oty — PKEPA o GiaTy) + cc (23)
io—+un 3io+pu

where cc is the complex conjugate of the preceding term and A(77) is a complex-valued function that will be
determined by imposing the solvability condition at the next level of approximation. Substituting Eqs. (22)
and (23) into Egs. (20) and (21), the solvability condition is derived by disregarding higher harmonics and
setting secular terms, which have the coefficient exp(iw, 7o), to zero [54,55]. Assuming ¢ = 0, the following
equation is obtained.

—2idD1A — 2¢iA — 3BA%A + 2A%Ad*k
&% (N + xAA)IDA ey (n+ xAA)D2A%A s xiA3A?
— 14 — ay =
o+ u o+ pn 3im+ 1

A - A1
-0y Aexp(i20Ty) — Syz exp(icT;) =0 24)
To find the solution of Eq. (24), the complex-valued function A is expressed in the polar form [54,55]:
1
A= Ea exp(if) (25)

where a and 6 are the function with respect to 77. Substituting Eq. (25) into Eq. (24), and separating the real
and imaginary parts, the following equations can be obtained.

a=—cla—ca’ — C3a5 —c4s8in(o Ty — 0) — cgasin[2(c Ty — 0)] (26)
—ab = —csa — cga” — c7a° — cycos(a Ty — 0) — cgacos[2(a Ty — 0)] (27)
Introducing ¢ = o T1 — 6, we obtain.
a=—cija— cza3 — C3a5 — ¢4 8in @ — cga sin 2¢ (28)
ap =oa —csa — c6a3 — C7a5 — €4COS ¢ — c3a cos2¢ 29)

where the coefficients, ¢;(i = 1,2, ..., 8), are defined in “Appendix B”.
The steady-state solution of Egs. (28) and (29) can be found by setting ¢ = 0 and ¢ = 0. The equations of
the steady-state solution can be rewritten as

cia + cza3 + C3a5 4+ c4sing + cgasin2¢p =0 30)
€4 COS @

o=c5+ 66a2 +cra* + + cg cos 2¢ 3D

For Egs. (30) and (31), there are multi-valued solutions, and not all solutions approximate a realizable
response of the actual physical system [54]. Those solutions, which are unstable, do not describe a possible
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response. The results are obtained by first specifying a value for ¢, solving for a from Eq. (30) and then o is
obtained from Eq. (31). The values of ¢ are specified systematically in rather small increments from —m to
7 [54]. Depending on the excitation amplitude and frequency, there exist positive real-valued solutions. The
stability of the solution can be determined by assessing the eigenvalues of the associated Jacobian matrix.
Upon consideration of the zeroth-order perturbation to the displacement and voltage, the higher harmonics
of Eq. (23) is neglected. The steady-state solutions of the displacement and voltage can be expressed as the
following form.

w = acos(wyT — @) (32)

_ oal4n + xa®

V = %\/T)i;]a cos(wyT — ¢ + 61) (33)

or =tan~" (L) (34)
12}

The steady-state solutions of output power can be expressed as the following form.

_ mng3 —5
P = \% (35)
CpRL

3.3 Stability of the non-trivial solutions

The stability of the non-trivial solutions at a given fixed point (ag, ¢o) can be found by introducing a time-
dependent disturbance (§a(t), §¢(t)) on the fixed point, that is,

a=ag+8a(t),p = q@o+ 5p(t) (36)

Substituting Eq. (36) into Egs. (28) and (29), linearizing in the disturbance, and determining the eigenvalues
of the Jacobian matrix of the linearized equations, the Jacobian matrix can be expressed as:

kit k2
= 37
J |:k21 k22 37)
where
kig = —c1 — 3cza(2) — 563ag — cg sin 2¢q
k12 = —C4COS Qo — 263610 Ccos 2(p()
1
ky1 = —2cgag — 4C7a8 + C4—5 COS ¢
a9
I .
koy» = cq4— sin gg + 2cg sin 2¢g (38)

ap
Using Eq. (37), the characteristic equation of the Jacobian matrix can be written as

A2 — (ki1 + ko)A + ki1kos — kiokay = 0 (39)
Using the Routh—Hurwitz criterion, the steady-state solutions are locally asymptotically stable if and only if

(k11 + ko) <0, kitky — ki2ka1 >0 (40)

4 Results and discussion

In the previous section, analytical solutions of the cantilever piezoelectric energy harvester have been presented
under parametric and direct excitations. In this section, the frequency response curves of the energy harvesting
system will be given and discussed in detail. The geometric and material properties are as follows:
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my=96g/m, b=20mm, L=50mm, f,=02mm, ¢ =02mm, Y,=061GPa

Yo =20GPa, d3; = —320x 107"2C/N, el =398 x 107 F/m, ef; =ely —d3,¥, (41
Using n = 1, the influences of several different parameters on the performance of the harvester are investigated.
These parameters are excitation amplitudes 8, and &, mechanical damping coefficient ¢, and load resistance
parameter Ry . The base excitation is considered as harmonic excitation. Small perturbation parameter is taken
as ¢ = 0.01. Using the geometric and material coefficients defined in Eq. (41), all parameters of Egs. (9) and
(10) are as follows:

6 =—0.7854, B =40.4407, « =4.5968, ¢ =2.7530, y =10.4326, A =0.7830
= —04119, ®=3.5160, wy=188.9150, C, = 8.3884 x 1078 (42)

Qi

where n = ¢, x = y which have been proved in “Appendix A”. In all analytical results, solid lines represent
stable solutions and dashed lines represent unstable solutions.

4.1 Parametric Excitation

We investigate the characteristics of the amplitude frequency response curves under parametric excitation.
Figures 2, 3, 4 and 5 show the amplitude frequency response curves of the steady-state displacement and output
voltage for different load resistances and different excited amplitudes. For parametric excitation (3, = 0),
Figs. 2, 3, 4 and 5 show that electrical energy can only be harvested within a certain range of excitation

a  5=0, R=500Q, ¢=0.01 b 520, R=5000, =0.01

030 T T T T T 0010 T T T T T
—o—5,=0.0935 —o—5,=0.0935
——§ = ——§ =

024l §,=0.0957 | 0008 L §,=0.0957 p |
—o— §,20.0979 , —o— 5200979 <7
—i— §,20.0990 & —i— §,=0.0990 P

0.18 “ B 0.006 o q

Iz 1>

0.12 - 0.004 - B

0.06 B 0.002 B

0.00 K s 0.000 K s

-1.0 -0.5 0.0 0.5 1.0 1.5 20 -1.0 -0.5 0.0 0.5 1.0 1.5 20
(o) ()

Fig. 2 The amplitude—frequency response curves for different excited amplitudes (short-circuit): a deflection; b output voltage

a 8,20, R =500kQ, ¢=0.01 b 8,20, R,=500kQ, ¢=0.01
0.20 T T T T ™ 0.25 T T T T T
—o—5,=0.1045 —o—5,=0.1045
——§,20.1067 020 | —2— 8201067 |
0.15 | —— 5 =0.1089 . —o— 5,20.1089

——5,=0.1100 —+—6,=0.1100

0.15 -

12 o10f i 1>
0.10 -
0.05 - -
0.05 -
0.00 L 0.00 v 1 1
16 17 22 16 17 18 19 20 21 22
(e} (e}

Fig. 3 The amplitude—frequency response curves for different excited amplitudes (open-circuit): a deflection; b output voltage
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a  5=009515 8=0, c=0.01 b 52009515, §=0, =0.01
0'28 T T T T T 0'010 T T T T T T T
—o— R, =4500 —o— R, =4500
—— R, =475Q —— R =475Q
0.008 - L -
0.21 F —v— R =500Q2 1 Vv R =500Q
——R,=5250 ——R,=5250 %
—>— R =5350 000 F R =5350 -4 1
12 o014t 41>
0.004 -
0.07 -
0.002 - 4
0.00 L it L 0.000 L L L
-1.5 1.0 0.5 2.0 25 -1.5 -1.0 1.5 2.0 25
(e} (e}

Fig. 4 The amplitude—frequency response curves for different load resistances (short-circuit): a deflection; b output voltage

a 601100, 5-0, c=0.01 b 8,=0.1100, 8,0, T=0.01
03 T T T T T T T 035 T T T T T T T
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Fig. 5 The amplitude—frequency response curves for different load resistances (open-circuit): a deflection; b output voltage

frequencies where the non-trivial solutions exist. Outside of this range, only the trivial solution (w = 0) exists
and no electrical energy can be harvested. Meanwhile, our studies show that the frequency response curves
have both the open-circuit and the short-circuit resonant region. Figure 2 (the short circuit) and Fig. 3 (the
open circuit) show that the ranges of excited frequencies, where the non-trivial solutions exist, are distinct
for different excited amplitudes, 8. Figure 4 (the short circuit) and Fig. 5 (the open circuit) show that the
ranges of excited frequencies, where the non-trivial solutions exist, are distinct for different load resistances.
Figures 2, 3, 4 and 5 also show that the frequency response curves have the hardening characteristics. It has
a merit of increasing operating frequency range. In the case of the short circuit, Fig. 4 shows that as the load
resistance increases, the output voltage decreases. In the case of the open circuit, Fig. 5 shows that as the
load resistance increases, the output voltage increases and the frequency of peak voltage shifts toward larger
values of the excited frequency. Our results are consistent with the conclusion of the theoretical analysis and
the experimental verification presented by Dagagq et al. [40].

Figures 6, 7 and 8 show the amplitude response curves of the displacement and output voltage with
the variation of the frequency detuning parameter o and the excitation amplitude &,. Figure 6 shows that
parametric resonances exist only when the excitation amplitude exceeds a certain threshold value. When the
excited amplitude §, exceeds the initiation threshold for o = 0.0, arapid amplitude growth is obtained. Figure 7
shows the amplitude response curves of o = 1.2. When 8, < §,4, only the trivial solution exists. Increasing
8, beyond point A, two stable solutions and one unstable solution coexist. The amplitude response curves have
multi-value solutions, resulting in a subcritical instability. Because the nonlinearity is the hardening type, the
subcritical instability exists only when the frequency detuning parameter o is positive. Figure 8 shows that
when the frequency detuning parameter o is negative, the initiation threshold highly increases and multi-value
solution does not exist.
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In the follows, we will study the effect of the load resistance and damping on the initiation threshold under
parametric excitation. Figures 9 and 10 show the effect of different damping on the initial threshold in the case
of the fixed load resistance. With the damping increasing, the initiation threshold highly increases. Figures 11
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Fig. 10 Variation of deflection and voltage with excited amplitude for different damping (open-circuit): a deflection; b voltage

and 12 show the effect of different load resistances on the initial threshold for the fixed damping coefficient
¢ = 0.01. Figure 11 (the short circuit) shows that the initiation threshold increases with the increase in load
resistance. Figure 12 (the open circuit) shows that the initiation threshold decreases with the increase in load
resistance.

Parametric resonance converges to a zero steady-state response below the initiation threshold. With exci-
tation amplitudes increasing beyond this threshold barrier, it is able to ultimately obtain higher response
amplitude. Figures 9, 10, 11 and 12 show that this initiation threshold is relatively larger values, whereas the
ambient vibration available for energy harvester is usually very small. Accordingly, this initiation threshold
must be minimized in order to use the advantages of parametric resonance in practical application.

In the case of parametric excitation, why is there an initial threshold for parametric resonance? A reason-
able explanation of this behavior can be obtained from the state of the beam deformation. In this paper, the
horizontal base excitation along the axis of the beam is converted into the parametric excitation. For parametric
excitation, the vertical base excitation is equal to zero. The beam is only subjected to horizontal base excitation.
When parametric excited amplitude &, is very small, the beam is subjected to axial inertia force, the bending
deformation of the beam is equal to zero, and hence no electrical energy is harvested. When parametric excited
amplitude §, exceeds a critical value, the beam occurs the elastic buckling and the bending deformation in
the axial inertia force. The beam bending deformation increases rapidly with parametric excited amplitude
increasing and the harvesting power can be raised dramatically.

Buckling is a phenomenon that is generally avoided through special design modifications, but some new
applications consider such behavior to be favorable. Recent studies of buckling and postbuckling have tried to
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Fig. 12 Variation of deflection and voltage with excited amplitude for different load resistances (open-circuit): a deflection; b
voltage

transform this effect from a negative into a positive. Hu and Burguefio [56] indicated that the buckling can be
applied to energy harvesting system and explained why the buckling responses have certain advantages in the
design of energy harvesters. In practical application, the bending deformation of the beam, which is caused by
the buckling, should be constrained in a certain range to prevent the damage of the beam.

To further study the characteristics of parametric excitation, we plot variation of the output voltage and
power with the load resistance for a given excited frequency in two cases of short circuit and open circuit.
In the case of the short circuit, Fig. 13 clearly shows that as the load resistance increases, the output voltage
and output power increase initially and reach a maximum at an optimal load resistance, then decreases again
as the load resistance increases beyond the optimal value. In the case of the open circuit, Fig. 14 shows that
the output voltage continues to increase and trends to stable as load resistance increases, and variation of the
output power has the same trend of the short-circuit condition. In the open-circuit condition, our conclusion is
consistent with Daqaq et al. [40]. For the short-circuit condition, Daqaq et al. [40] have not given the related
results.

4.2 Combination of parametric and direct excitations

In this section, we will demonstrate that the frequency response curves of combination of parametric and
direct excitations have the special dynamic characteristics compared with parametric excitation. Figures 15,



2160 G. Xiaetal.
a 5,=0.0935, §=0, c=0.01, c=0.5 b 5,0.0935, 8=0, ¢=0.01, 5=0.5
0.006 . . . 0.4 T : T T
0.004 J
: 3
S 3 1
£
o
0.002 g
0.000 s

200

400

600

R,(Q)

800

1000

400

600

R(Q)

800

Fig. 13 Variation of voltage and power with the load resistance in short-circuit condition: a voltage; b power

1000

a 8,=0.0935, 8=0, ¢=0.01, o=18.3 b 8,=0.0935, =0, ¢=0.01, =183
0.15 T T T 0.08 T T T
012 F
0.06 | |
0.09 | —
& g
|§ X 004t i
®©
0.06 |- £
o
0.02 |- g
0.03 |-
0.00 booanoonsa L L 0.00 booanaata L L

0 500000 1000000

R(Q)

1500000 2000000 0 500000 1000000

R,(Q)

1500000 2000000

Fig. 14 Variation of voltage and power with the load resistance in open-circuit condition: a voltage; b power

16, 17 and 18 show the frequency response curves under combination of parametric and direct excitations for
different dy, 8, and Ry.. Figures 15 and 16 show the frequency response curves of the displacement and output
power for different parameters §, when 6, = 0.0055, 0.00275, Ry, = 500k€2 and ¢ = 0.01. Figures 17 and 18
show the frequency response curves of the displacement and output power for different parameters 5, when
dy = 0.0055, 0.00275, R, = 5002 and ¢ = 0.01. Figures 15, 16, 17 and 18 show that although parameter J,
is below the initiation threshold, the displacement and output power increase with the parameter &, increasing.
This is because the direct excitation (8, # 0) pushes the system out of axial stable equilibrium and results in
an initial nonzero bending deformation. Figures 15 and 17 also show that when the excited amplitude is small,
there do not exist the hardening behavior, multi-value solutions and unstable solution. Figures 16 and 18 show
that when the excited amplitude is larger, there exit the hardening behavior, multi-value solutions and unstable
solution. The operating bandwidths of the energy harvester are widened.

Figures 15, 16, 17 and 18 demonstrate that a nonzero initial displacement to push the system out of axial
deformation can overcome the limitation of initiation threshold for parametric excited system. The advantages
of parametric resonance can be fully played. Therefore, the combination of direct and parametric excitations,
which compensates and complements each other, can be used as an ideal solution for improving the performance
of the vibration energy harvester.

In order to further investigate the characteristics of combination of parametric and direct excitations, we
plot variation of the output voltage and power with the load resistance for a given excited frequency. Figures 19
and 20 show that in the two cases of the short circuit and the open circuit, the output voltage continues to
increase and trends to stable as the load resistance increasing, and the output power increases initially, exhibits
a maximum at an optimal load resistance and drops again beyond the optimal value. Figures 21 and 22 show the
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varying curves of output voltage and power with the load resistance increasing in the two cases of short-circuit
and open-circuit conditions. We observe that for the different parametric excited amplitudes, the amplitudes
of output voltage and power increase significantly with the increase in the amplitude of parametric excitation
and there is an optimal load resistance for output power.
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5 Conclusions

The nonlinear performance of parametrically and directly excited energy harvesters, which includes geometric,
inertia and electromechanical coupling nonlinearities, is studied. Using the Galerkin method, the electrome-
chanical coupling Mathieu—Duffing equations are developed. Based on the method of multiple scales, analytical
expressions of the frequency response curves are presented when the first bending mode of the beam plays a
dominant role. Some analytical results are obtained, which reveal the influence of different parameters, such
as the damping, load resistance and excited amplitude, on the performance of the energy harvesters.

For parametric excitation, the mechanical damping and the load resistance affect the initiation threshold of
parametric excited energy harvesting system. With the damping increasing, the initiation threshold increases.
In the case of the short circuit, the initiation threshold increases with the increase in load resistance. In the case
of the open circuit, the initiation threshold decreases with the increase in load resistance.

We discover that for parametric excitation and combination of parametric and direct excitations, with the
increase in load resistance, output power increases initially, exhibits a maximum at an optimal load resistance
and drops again beyond the optimal value.

Our studies also demonstrate that the bending deformation generated by direct excitation pushes the system
out of axial deformation and overcomes the limitation of initial threshold of parametric excitation system. In
the case of combination of parametric and direct excitations, the amplitudes of output voltage and power
increase significantly with the increase in the parametric excited amplitude. Therefore, the combination of
parametric and direct excitations to compensate and complement each other can be served as a better solution
that enhances performance of energy harvesters.
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Appendix B

The coefficients defined in Eqgs. (26)—(31) are as following:
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