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Summary

Small-scale wind energy harvesting from vortex-induced vibrations (VIV) has

been introduced in recent years as a renewable power source for microelectron-

ics and wireless sensors. Previous studies have focused on modeling and optimiz-

ing the VIV-based piezoelectric energy harvester (VIVPEH) structures and

simplified the complicated interface circuits as pure resistors with an alternating

current (AC) output. In practice, an AC output is required to be transformed into

a direct current (DC) followed by further regulations before being used for real

applications. Incorporating the rectification and regulation, traditional theoretical

and numerical models will become extremely cumbersome and even impossible.

To address this issue, this work proposes an equivalent circuit model (ECM) for a

typical VIVPEH. The Scanlan-Ehsan aerodynamic force model is employed to

describe the fluid-structure interaction. Wind tunnel experiments are carried out

to validate the derived model. The performances of the VIVPEH with AC and DC

interface circuits are subsequently analyzed and compared to understand the influ-

ences of these circuits on the operational wind speed bandwidth, power output,

vibration amplitude, and electrical damping.
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1 | INTRODUCTION

In the context of growing awareness of energy saving,
emission reduction, and environmental protection, seeking

more diversified clean energy sources has aroused increasing
concerns from both industry and academia. Researchers
have explored harvesting energy from environmental
vibrations in recent years. The goal of energy harvesting is
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to supply energy for the low-power microelectronic sys-
tems, for example, the wireless sensor networks (WSNs)
and micro-electromechanical systems (MEMS).1 The
advantage of energy harvesting lies in its sustainability
and beneficial avoidance of battery replacement.2,3

Harvesting environmental vibrations can be generally
divided into two categories, that is, the preexisting base
excitations resulting from the motion of machinery, struc-
tures, or human movements4,5 and the flow-induced vibra-
tions due to aeroelastic instabilities, such as vortex-
induced vibration (VIV),6 galloping,7,8 flutter,9,10 and
buffeting,11 or their synergetic effect.12,13

Wind energy is a steady and pervasive power source in
the environment. VIV is a typical aeroelastic phenomenon
resulting from periodic vortex shedding. Bernitsas and
Raghavan14,15 initially presented a mechanism that har-
vests energy from VIV in 2008, that is, the Vortex-induced
Vibration for Aquatic Clean Energy (VIVACE). The
Marine Renewable Energy Laboratory (MRELab) further
developed the VIVACE to harvest the hydrokinetic power
using the electromagnetic transduction. In recent years,
energy harvesting technologies such as electromagnetic,16

dielectric,17,18 and triboelectric19-21 have been reported by
researchers, besides which piezoelectric energy harvesting
has been studied widely because of its high voltage output,
high power density, and ease of miniaturization.22-30 Dai
et al31 presented a theoretical model for a linear VIV-based
piezoelectric energy harvester (VIVPEH), where the wake
oscillator model was employed to formulate the vortex-
induced aerodynamic force acting on the cylinder. How-
ever, such a model can only be used for a smooth cylinder.
To calculate the time-varying air force, Mehmood et al32

used an “O”-type grid in CFD to solve the governing equa-
tions of the fluid flow for a VIVPEH. Zhou and Wang33,34

used the Lattice Boltzmann method to account for the
fluid-structure coupling effect together with the electrome-
chanical equations.

On the other hand, the electrical interface circuit
plays a crucial role in energy harvesting power regulation
and enhancement.22,35-38 However, the theoretical and
numerical models in the previous studies are difficult to
be extended to incorporate the complex coupling between
the nonlinear aerodynamic force, piezoelectric and
mechanical structure, and the nonlinear power extraction
circuit. Recently, researchers have utilized the equivalent
circuit model (ECM) to connect the structural modeling
and electrical simulation based on the similar character-
istics as the Van-der Pol model in an electric circuit. Yang
and Tang39 established the ECM considering multiple
modes for modeling a multiple degree-of-freedom piezo-
electric energy harvester under the base excitation. Bayik
et al40 developed the ECM of an energy harvester con-
sisting of a piezoelectric patch attached to a thin plate.

Silva et al41 presented a general equivalent circuit frame-
work for analyzing the dynamic behaviors of piezoelectric
structures. Furthermore, for a wind piezoelectric energy
harvesting system based on galloping, Tang et al42 presented
the ECM model by representing the linear and nonlinear
aerodynamic force of galloping with an arbitrary source,
which enables the system-leveled simulation integrating the
aero-electro-mechanical harvester and the advanced power
extraction interface circuit. Based on this model, Zhao et al43

and Zhao and Yang44 further investigated the power
enhancement of a galloping-based wind energy harvester
using the synchronized switching harvesting on inductor
(SSHI) and the synchronized charge extraction (SCE) circuits.
However, very little effort has been devoted to enhancing the
power extraction of VIVPEHs with more sophisticated inter-
faces, due to the lack of an ECM that could model the aero-
electro-mechanical coupled dynamics linking the vortex
shedding and practical circuit.

In this paper, we employ a Scanlan-Ehsan vortex-
induced vibration model45 to represent the aerodynamic
force during VIV and develop an ECM that enables
system-level simulation of the coupled aero-electro-
mechanical dynamics with AC and DC interface circuits.
Wind tunnel experiment is conducted to identify the
nonlinear aerodynamic coefficients and validate the model
predictions. Both AC and DC circuits are investigated for
performance comparisons. To our best knowledge, this is
the first time that a VIVPEH is evaluated with a rectifying
DC interface circuit. The proposed model brings much
convenience for the system-level evaluation of the coupled
dynamics of VIVPEHs connected with practical circuits.

2 | MECHANISM OF VIV

Vortex-induced vibrations (VIV) are induced by alternat-
ing near-wall vortex shedding from the surface of a bluff
body. Figure 1 shows the typical single degree-of-freedom
(SDOF) model to describe the cross-flow motion of a cir-
cular cylinder that is mounted on a spring and placed in
a two-dimensional flow field with uniform velocities.
When the wind passes over the bluff body, Von Kármán
vortices are generated, resulting in unbalanced forces on
the bluff body. In one or more narrow ranges of wind
speed, resonance occurs when the vortex shedding fre-
quency is close to the natural frequency of the system,6,46

and large-amplitude cross-flow vibrations are induced
since the supporting spring allows plunging motions.
When the resonance happens, the vibration frequency is
locked at the natural frequency in a specific range of
wind speed, which is called the “lock-in” region. Such
feature of VIV has a potential benefit in energy
harvesting as VIV is capable of protecting itself when the
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wind speed gets too high. The aerodynamic force caused
by the vortex shedding is represented by the linear and
nonlinear aerodynamic damping terms which contribute
to the oscillations of the bluff body. In particular, the lin-
ear damping determines the threshold wind speed of the
VIV lock-in region, while the nonlinear damping controls
the amplitude of the oscillations.

3 | MODELING

3.1 | VIV aerodynamic model

The governing equation of the vibration system in
Figure 1 can be expressed as

m €x+2ζωn _x+ωn
2x

� �
=Fair €x, _x,x,U, tð Þ, ð1Þ

where m is the mass of the cylinder and ζ and ωn are the
damping ratio and the natural frequency of the structure,
respectively. Fair is the aerodynamic force acting on the
circular cylinder during VIV which can be represented by
a function of the wind speed U, time t, structural vibra-
tion displacement x and velocity _x.

In this study, we use the Scanlan-Ehsan nonlinear semi-
empirical model to represent the VIV aerodynamic force on
the bluff body,45 which has shown to be able to adequately
describe the lock-in region of VIV and is given by

Fair =
1
2
ρU2 2LtipD

� �
λ1 Kð Þ 1−ε Kð Þ x

2

D2

� �
_x
D
+ λ2 Kð Þ x

D
+
1
2
�CL tð Þ

� �
,

ð2Þ

where D is the diameter of the circular cylinder, Ltip is
the length of the circular cylinder, ρ is the density of air,

K is the frequency defined as the dimensionless
form K = ωD/U, and ω is the structural vibrations fre-
quency imposed by the aerodynamic force. The aver-
age fluctuating lift force coefficient caused by vortex
shedding effect when the flow passes over cylinder is
represented as �CL tð Þ in Equation (2). The displacement-
dependent aerodynamic force during VIV can be divided
into two parts, that is, the effective aeroelastic damping
term and the effective aeroelastic stiffness term, with
the terms λ1, ε, and λ2 being the coefficients of the linear
damping, nonlinear damping and linear stiffness,
respectively. It is worth noting that ε is always nonzero,
which ensures that the vibration amplitude remains
self-limited.

Note that, from the literature,45 the vortex-shedding
effect can be neglected for it is quite weak as compared
with the vibration-induced aerodynamic effect in VIV,
especially when the vibration amplitude is high. Omitting
�CL tð Þ , Equation (2) can then be rewritten into a dimen-
sionless form as

η00 sð Þ+2ζKnη
0 sð Þ+K2

nη sð Þ= μλ1 1−εη2 sð Þ� 	
η0 sð Þ+ μλ2η sð Þ

ð3Þ

where η = x/D is the dimensionless displacement,
μ = ρD2Ltip/M is the mass ratio, Kn = ρD2ωnD/M is the
dimensionless natural frequency of the structure, and
s = Ut/D is the dimensionless time.

To solve Equation (3), the semi-empirical quanti-
ties λ1, λ2, and ε should be determined. The method
proposed by Ehsan and Scanlan through fitting
the envelop of experimentally measured decay-to-
resonance displacement of VIV was adopted to identify
these parameters in this work.45 Firstly, Equation (3) is
rearranged as

η00 +K2
nη=F1 η,η0ð Þ ð4Þ

where

F1 η,η0ð Þ= μλ1−2ζKnð Þη0−μλ1εη
2η0 + μλ2η: ð5Þ

The solution to Equation (5) is considered to be

η sð Þ=A sð Þcos Ks−ψ sð Þ½ � ð6Þ

where A(s) and ψ(s) are the time-varying VIV amplitude
and phase, respectively, and Ks = ωsD/U is the dimen-
sionless vortex shedding frequency. Taking the derivative
with respect to the dimensionless time s of Equation (6),
one can obtain

FIGURE 1 A bluff body undergoing vortex-induced vibration

[Colour figure can be viewed at wileyonlinelibrary.com]
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A0 sð Þcos Ks−ψ sð Þ½ �+A sð Þψ 0 sð Þsin Ks−ψ sð Þ½ �=0: ð7Þ

Equation (7) can be rewritten as

A0 sð Þ = −
1
K

F1 η,η0ð Þ+A sð Þ K2−K2
n

� �
cos Ks−ψ sð Þ½ �
 �

sin Ks−ψ sð Þ½ �,
ð8Þ

ψ 0 sð Þ = −
1

A sð ÞK F1 η,η0ð Þ+A sð Þ K2−K2
n

� �
cos Ks−ψ sð Þ½ �
 �

cos Ks−ψ sð Þ½ �:
ð9Þ

Employing the quasi-steady hypothesis and consider-
ing A 0 (s) and ψ 0 (s) are varying slowly with time, their
averages can be treated as constants during a period of
2π, which yields

A0 sð Þ= −
1

2πK

ð2π
0

F1 η,η0ð Þ+A sð Þ K2−K2
n

� �
cosp

� 	
sinpdp,

ð10Þ

ψ 0 sð Þ= −
1

2πKA sð Þ
ð2π
0

F1 η,η0ð Þ+A sð Þ K2−K2
n

� �
cosp

� 	
cospdp,

ð11Þ

where p = Ks − ψ(s). Equation (10) can be rewritten as

A0 sð Þ= −
1
8
αA sð Þ A2 sð Þ−β2

� 	 ð12Þ

where

α= μλ1ε, ð13Þ

β=
2ffiffiffi
ε

p 1−
2ζKn

μλ1

 �1=2

: ð14Þ

Solving Equation (12) gives

A sð Þ= βffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− A2

0−β2

A2
0

� �
e− αβ2=4ð Þs

r , ð15Þ

where A0 represents the displacement amplitude in the
initial place during the decay to resonance test and β is
the displacement amplitude in the steady state.

Solving Equation (12) and assuming the initial phase
angle equaling to zero, one can obtain ψ(s) and then the
dimensionless vibration displacement can be obtained as

η sð Þ= βffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− A2

0−β2

A2
0

� �
e− αβ2=4ð Þs

r cos Ks−
1
2K

μλ2 + K2−K2
n

� �� 	
s

� �
:

ð16Þ

3.2 | Aero-electro-mechanical model

A typical piezoelectric energy harvester consists of a can-
tilever beam bonded with a piezoelectric transducer at
the root to generate power, as shown in Figure 2. A circu-
lar cylinder is connected at the free end as a bluff body to
induce VIV. Employing the SDOF lumped parameter
model47 to describe the energy harvesting system:

m€x tð Þ+ c _x tð Þ+ kx tð Þ+ θV tð Þ=Fair tð Þ
I tð Þ+Cp _V tð Þ−θ _x tð Þ=0

(
, ð17Þ

where x(t) is the displacement of the cylinder, V(t) is
the output voltage of the piezoelectric sheet, m is the
equivalent mass of the VIVPEH, c is the equivalent
damping related to the damping ratio ζ, which can be
solved by the free decay experiments, and k is the
equivalent stiffness of the system. These parameters
are calculated by Equation (18) where m1 and m2 rep-
resent the masses of the piezoelectric beam and the cir-
cular cylinder, respectively. Cp is the capacitance
measured experimentally, and I represents the current
flowing into the interface circuit. θ is the electrome-
chanical coupling coefficient which could be calculated

by θ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2
noc−ω2

nsc

� �
mCp

q
, 34 where ωnoc and ωnsc are the

resonant frequencies of the system under open and short-
circuit conditions, respectively.

FIGURE 2 Schematic of the implementation of VIVPEH.

VIV, vortex-induced vibrations; VIVPEH, VIV-based piezoelectric

energy harvester [Colour figure can be viewed at

wileyonlinelibrary.com]
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m=
33
140

m1 +m2

c=2mωnscζ

k=mω2
nsc

8>>>><
>>>>:

: ð18Þ

Combining with the Scanlan-Ehsan VIV model, the
governing equations of the VIVPEH can be rewritten as

m€x tð Þ+ c _x tð Þ+ kx tð Þ−θV tð Þ=Fair tð Þ

=
1
2
ρU2 2LtipD

� � 1
4μ

αβ2 + 8ζKn
� �

1−
α

μλ1

x2

D2

 �
_x
D
+
K2

n−K2

μ

x
D

� �

I tð Þ+Cp _V tð Þ+ θ _x tð Þ=0

8>>>><
>>>>:

:

ð19Þ

3.3 | Equivalent circuit representation

A pure resistor (ie, AC interface circuit) is often used
for the evaluation of the performance of energy
harvesting. However, the practical energy harvesting
interface circuit is much more complicated than a
simple AC interface circuit. The output from the
energy harvester must be rectified to a DC output
first before it can be delivered to real electronics.
However, the analytical formulation of a VIV-based
energy harvesting system with a nonlinear sophisti-
cated interface is cumbersome or even impossible.
Thus, ECM is proposed to investigate the complex
aero-electro-mechanical coupling behaviors of a
VIVPEH. The aerodynamic and mechanical compo-
nents are represented as equivalent electronic compo-
nents based on the analogies listed in Table 1 to
enable system-level simulation. The details of the
analogies were presented in Tang et al.42 The key is
to properly represent the nonlinear VIV aerodynamic
force in the circuit. Comparing with a harvester based
on galloping, the challenge for modeling VIVPEHs
lies in that the aerodynamic force is coupled with the

mechanical vibration of the harvester in a nonlinear
ordinary differential equation form in the traditional
VIV models such as the wake oscillator model.48 It is
difficult to represent the VIV effect using a single
electric component, either standard or user-defined
arbitrary component. Fortunately, based on the
Scanlan-Ehsan aerodynamic force model illustrated in
Section 2, it is possible to model the VIV aerody-
namic force in the circuit as it can be represented by
a single equation. Here, we use the circuit simulator
SIMetrix (SIMetrix Technologies Ltd) for simulation.
Figure 3 shows the equivalent circuit of the VIVPEH
system with the AC and DC interface circuits.

Equation (19) can be rewritten in an electrical
form as

The arbitrary source corresponding to the aerody-
namic force is defined in Equation (20) as a function of
the electric charge q(t) and the current _q tð Þ. q(t) is repre-
sented in terms of the capacitor C1 and the associated
voltage VC1 tð Þ, with q tð Þ=C1VC1 tð Þ. After converting into
the equivalent circuit model, the nonlinear aerodynamic
force on the right-hand side of Equation (19) is equiva-
lent to a voltage source that is a function of the electric

L1€q tð Þ+R1 _q tð Þ+ q tð Þ
C1

−NV tð Þ= 1
2
ρU2 2LtipD

� �
1
4μ

αβ2 + 8ζKn
� �

1−
α

μλ1

q2 tð Þ
D2

 �
_q tð Þ
D

+
K2

n−K2

μ

q tð Þ
D

8>>>><
>>>>:

9>>>>=
>>>>;

I tð Þ+Cp _V tð Þ+N _q tð Þ=0

8>>>>>>><
>>>>>>>:

: ð20Þ

TABLE 1 Corresponding parameters between mechanical and

electrical domains

Mechanical Counterparts
Equivalent Circuit
Parameters

Displacement x Charge q

Velocity _x tð Þ Current _q

Effective mass m Inductance L1

Effective damping c Resistance R1

Reciprocal of effective
stiffness 1/k

Capacitance C1

Electromechanical coupling θ Ideal transformer
turning ratio N

WANG ET AL. 5



FIGURE 3 Schematic of VIVPEH system with AC and DC interface circuits. AC, alternating current; DC, direct current; VIV, vortex-

induced vibrations; VIVPEH, VIV-based piezoelectric energy harvester [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 4 Experiments setup: A, the entire view of the wind tunnel; B, the VIVPEH; C, the settling chamber; D, the data acquisition

system. VIV, vortex-induced vibrations; VIVPEH, VIV-based piezoelectric energy harvester [Colour figure can be viewed at

wileyonlinelibrary.com]
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charge q(t) and _q tð Þ as can be seen in Equation (20). The
nonlinear transfer function provided in SIMetrix enables the
user to define any arbitrary source described by an explicit
expression. As shown in Figure 3, the aerodynamic force in
the SIMetrix model is realized using the nonlinear transfer
function denoted by a box with two input ports and one out-
put port. One input port detects the current, that is, _q tð Þ like
an ammeter. The other one functions as a voltmeter andmea-
sures the voltage across C1 from which one can derive q(t)
based on the charge-voltage-capacitance formula. The input
ports do not affect the circuit behavior at all. According to
the inputs and the user defined expression based on the
nonlinear term, the output port produces a voltage source
that will be applied to the circuit. In this way, the nonlinear
relation is established in the circuitmodel.

Unlike the galloping-based energy harvester, the
threshold wind speed of a VIVPEH is mainly controlled
by the vortex shedding frequency. Since the aerodynamic
coefficients for different wind speeds U are different
according to the identifying process in the Scanlan-Ehsan
method, the coefficients of the variables in the user-
defined arbitrary source component that represents the
aerodynamic force also vary with U.

4 | EXPERIMENT

A round-cross section wind tunnel is used to test the
performance of the VIVPEH. As shown in Figure 4, the
wind tunnel with a diameter of 400 mm can produce
stable incoming flow by installing a honeycomb struc-
ture inside the settling chamber. The produced wind is
with a speed in the range of 0 ≤ U ≤ 7 m/s. A VIVPEH
prototype is fabricated to verify the established ECM. A
piezoelectric transducer (Model: MFC-2807P2, Smart
Material Corp., Germany) of 37 × 11 × 0.6 mm3 is
bonded on a substrate made of pure aluminum with
dimensions of 200 × 25 × 0.5 mm3 to form the piezo-
electric cantilever. The clamped capacitance of the pie-
zoelectric transducer CP is 15.7 nF. A circular-sectioned

bluff body is connected at the free end of a piezoelectric
cantilever, as shown in Figure 4B. The bluff body is
made of hard foam with a length of 0.118 m and a diam-
eter of 0.032 m. The damping ratio ζ of the prototyped
piezoelectric cantilever can be measured from the loga-
rithmic decrement technique. A hot-wire anemometer
(Model: 405i, Testo Co, USA) is used to measure the
wind speed U. The voltage output is measured by a dig-
ital oscilloscope (Model: DS1104S, RIGOL, China).
Table 2 lists the parameters of the prototype in the
present work.

To identify the semi-empirical aerodynamic coeffi-
cients, we conduct the decay to resonance test using
the wind tunnel experiments. As shown in Figure 5,
assuming that the cylinder undergoes n cycles between
the initial position and the threshold resonance posi-
tion. To understand the effects of the aerodynamic
parameters on the flow-induced vibrations, the speci-
fied parameter Rn has been introduced here:

Rn =
A0

β

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−

A2
0−β2

A2
0

 �
e− nπαβ2ð Þ=2K

s
: ð21Þ

Based on the deduction as mentioned above in
Section 2, the relationship between the parameters α and
β can be given as

α= −
2K

nπβ2
ln

A0
2−β2Rn

2

A0
2−β2

� �
: ð22Þ

Based on the results of A0, β, and Equations (14) and
(15), the aerodynamic coefficients λ1, λ2, and ε can be cal-
culated as45

FIGURE 5 Schematic diagram of decay to resonance test

under wind excitation [Colour figure can be viewed at

wileyonlinelibrary.com]

TABLE 2 Parameters in the VIVPEH

Properties Value

m 6.59 g

ζ 0.013

ωn 60.288 rad/s

c 0.0098 N/m/s−1

k
θ

34.07 N/m
1.9785e-5 N/V

Abbreviations: VIV, vortex-induced vibrations; VIVPEH, VIV-based

piezoelectric energy harvester.
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λ1 =
1
4μ

αβ2 + 8ζKn
� 	

λ2 =
Kn

2−K2

μ

ε=
α

μλ1

8>>>>>><
>>>>>>:

: ð23Þ

Based on the above deducing process and the wind
tunnel experiments, the aerodynamic coefficients can
be obtained, as listed in Table 3. It is worth noting that,
unlike some previous work which consider those coef-
ficients to be constant values based on the quasi-steady
theory, in the present work, the aerodynamic coeffi-
cients under every operating wind speed need to be

identified seriatim respectively to make sure the reli-
ability of the ECM.

5 | RESULTS AND DISCUSSION

5.1 | Model validation

Figure 6A-D compares the experimental and predicted
time history of the displacement to validate the VIV
aerodynamic force model in Section 3.2. Results of four
wind speed tests, that is, near the onset threshold, in
the middle of the lock-in range, near the end threshold,
are represented. It is seen that the predicted curves cor-
respond quite well to the experimental curves, not only
in the resonance section but also in the decay section.
Thus, the identified aerodynamic force coefficients are
accurately predicted and can be further used in the
subsequent analysis for ECM validation and perfor-
mance evaluation of the VIVPEH.

To validate the developed ECM, we further compare
the voltage and output power results of the VIVPEH
from experiments and ECM simulation. Figure 7A com-
pares the measured and predicted variations of the
power output with the load resistance RL at the same
wind speed U = 2.098 m/s. The average power is calcu-
lated using Joule's law in conjunction with Ohm's law:
average power = RMS voltage × RMS voltage/resistive
load. The effective voltage (ie, root mean square—RMS

TABLE 3 Benchmark of parameters determined by

experiments

Wind Speed U, m/s λ1 λ2 ε

2.098 0.1516 −0.4748 2.0451

2.235 0.1522 −0.4055 1.0956

2.372 0.1785 −0.3867 1.0991

2.509 0.1307 −0.5568 1.5158

2.646 0.1180 −0.7878 1.4419

2.783 0.1053 −0.7247 2.4348

2.920 0.0983 −0.6825 4.1341

3.057 0.0883 −0.6338 10.467

FIGURE 6 Validations of the

aerodynamic coefficients of vortex-

induced vibration: A, U = 2.098 m/s;

B, U = 2.235 m/s; C, U = 2.783 m/s;

D, U = 2.920 m/s [Colour figure can be

viewed at wileyonlinelibrary.com]
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voltage) equals the value of the direct voltage that
would produce the same power dissipation in the same
resistive load during a cycle. For an alternating electric
voltage with a pure since waveform, it is well known
that the RMS voltage is equal to the voltage amplitude
divided by

ffiffiffi
2

p
. There exists an optimal load resistance at

about RL = 1.5MΩ for both the ECM prediction and
experiment. The measured maximum power output is
slightly lower than the ECM prediction. The probable
reason of the discrepancy could be that the aerody-
namic force of the vortex-induced vibrations in the
circuit simulation model is established with the
lumped parameter model. In Figure 7B, with RL = 200
kΩ, the variations of the voltage with the wind speed
of the VIVPEH are compared. The simulation results
of the lock-in region and the maximum voltage value
agree well with the experimental measurements.
From the above comparisons, both the Scanlan-Ehsan

aerodynamic force model and the equivalent circuit
model are validated.

5.2 | Performance comparison with
different circuits

5.2.1 | AC circuit

Based on the ECM validated in this work, we conduct
further investigation on the performance of the VIVPEH
with different circuits. First, an AC circuit interface is
considered. Figure 8 shows the influence of the load
resistance RL on the peak tip displacement of the
VIVPEH at different wind speeds. For wind speeds near
the onset and ending thresholds, the displacement ampli-
tudes are relatively small. The electrical damping effect
induced by RL seems quite weak, as the displacement

FIGURE 7 Validation of the

ECM: variations of average power

with A, load resistance and B, wind

speed. ECM, equivalent circuit model

[Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 8 Tip displacement with AC circuit with various

RL. AC, alternating current [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 9 Power output with AC circuit vs RL with various

U. AC, alternating current [Colour figure can be viewed at

wileyonlinelibrary.com]
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curves are quite flat. For wind speeds in the middle of
the lock-in region, that is, U= 2.509 m/s, 2.372 m/s, and
2.235 m/s, it can be observed that there exist valleys in
the response curves, which are more obvious in the par-
tially enlarged figure. The maximum electrical damping
is induced near R ≈ 1.5 MΩ, reflecting the maximum
decline of the amplitude. The highest amplitude of the
vibrations occurs at U = 2.509 m/s, which is about three
times higher than the minimum value.

Figure 9 compares the average power output vs RL

for different wind speeds. There exists an optimal RL for
each wind speed. The optimal loads are slightly different
for different wind speeds. This is because in the present
aerodynamic model, the nonlinear aerodynamic force
damping coefficients vary with U, which influences the
vibrations and thus the power performance of the energy
harvester. At U = 2.509 m/s, the highest power is
obtained. At this wind speed, the limit-cycle oscillations of
the VIVPEH are fully developed. For U = 3.057 m/s, the
vibration is struggling out of the lock-in region, and the
amplitude gets lower. Figure 10 further compares the
power output vs wind speed with different values of RL.
The lock-in phenomenon can be found in all the cases. At
a constant wind speed, the average power firstly increases
and then decreases with RL. A maximum power output of
4.839 mW is obtained at RL = 1.5 MΩ and U ≈ 2.5 m/s.

5.2.2 | DC circuit

The performance of the VIVPEH with DC circuit has
been investigated with the ECM in this part. For such a
case, it is quite challenging to derive the analytical or
numerical solution. As shown in Figure 3, the circuit

includes a full-wave rectifier, a filtering capacitor Cfilter,
and a resistor RL. Cfilter is set to be an appropriately con-
siderable value to make sure the voltage across RL

smooth and quasi-constant when the VIVPEH is operat-
ing in the steady state. Figure 11 shows the displacement
vs RL with different wind speeds. The variation trend of
the displacement with a DC circuit is similar to that with
AC circuit. However, in the enlarged figure, the displace-
ment valleys at U = 2.235 m/s, 2.372 m/s, and 2.509 m/s
are shallower than the case with the AC interface. This
shows that the electrical damping produced by the AC
interface is higher than that of the DC interface.

Figures 12 and 13 depict the responses of the average
power output with different RL and U. The variation of

FIGURE 10 Power output with AC circuit vs U with various

RL. AC, alternating current [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 11 Tip displacement with a standard DC interface at

different RL. DC, direct current [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 12 Power output with DC circuit vs RL with various

U. DC, direct current [Colour figure can be viewed at

wileyonlinelibrary.com]
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power response has a similar trend as that with an AC
interface, that is, it firstly increases with RL up to RL = 1.1 M
and then decreases, which is for the reason that the electri-
cal energy generated inside the piezoelectric sheets is being
scavenged in a whole period of the vibrations all the time
for the AC circuit while for the DC circuit. Energy scaveng-
ing stops when the voltage across Cfilter is higher than the
voltage developed on the piezoelectric sheets. Firstly, with a
standard DC interface, the average power output of the
VIVPEH is lower than that with the AC interface. The max-
imum power output of 5.84 mW occurs at RL = 2 MΩ and
U = 2.509 m/s. The optimal load resistance also changes
slightly comparing with the ac case.

6 | CONCLUSIONS

This paper presents an effective approach to describe the
mechanism of the VIVPEH system basing on equivalent
circuit representation. The aerodynamic force based on
the Scanlan-Ehsan vortex-induced force model which acts
as the user-defined electronic component is presented.
The mechanical parameters and piezoelectric coupling in
the system are represented by the standard electronic com-
ponents. System-level simulation and performance analy-
sis can be realized based on the established ECM of the
entire system of VIVPEH. Aerodynamic wind tunnel tests
are firstly conducted to verify the accuracy of Scanlan-
Ehsan aerodynamic model, and then experiment on the
evaluation of energy harvesting performance is conducted
to validate the proposed approach. A parametric study has
been presented to examine the performance of the
VIVPEH with different AC and DC circuits, including the

power output, the electrical damping, and the vibration
displacement. Important conclusions based on the system-
level analysis and simulation are given as

1. Average power output: For the two interfaces, the maxi-
mum power output occurs in the full resonance region
of the lock-in region with a specific load RL. The
harvested power with the AC interface is higher than
that with the DC interface at the optimal load.

2. Induced electrical damping: For the two interfaces, the
highest electrical damping leads to the valley in the
Power output vs load resistance response at particular
constant wind speed. Particularly, the DC interface
induces smaller electrical damping than the AC inter-
face, corresponding to the higher optimal power output.

It is worth mentioning that the parametric study is
performed under relatively low electromechanical cou-
pling condition. In future work, the influence of different
electromechanical coupling strength on VIVPEH will be
further investigated.
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