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ABSTRACT To realize the self-power of the vehicle micro-sensors, a piezo-electromagnetic
hybrid vehicle-mounted energy harvester is proposed to recover the wind and vibration energy generated
during driving. This energy harvester includes a flutter piezoelectric energy harvesting structure (FPEH) and
an electromagnetic vibration energy harvester structure (EVEH). The combination of the two structures can
improve the energy harvesting effect and reduce the cut-in wind speed. The coupled vibration mathematical
model is established to predict the output performance of the wind energy harvesting effect. The effects of
the different distances between magnets on the output are discussed. And the vibration characteristics of
piezoelectric and electromagnetic vibrators are analyzed. Results show that the energy-harvesting effect is
the best when the distance between magnets is 30mm. At the same time, the numerical simulation proves
that the wind energy harvesting effect of the hybrid structure is better than the classic flutter structure.
The experimental verification is carried out, and the experimental results are consistent with the theoretical
prediction results, which verified the correctness of the theory. The optimal load of FPEH is 70k�, and the
optimal load of EVEH is 60�. Under these conditions, when the wind speed is 18m/s, the peak output power
of FPEH is 14.5mW, and that of EVEH is 31.8mW.

INDEX TERMS Flutter, piezo-electromagnetic hybrid, vehicle-mounted, wind energy harvester.

I. INTRODUCTION
Traveling on roads, vehicles will inevitably generate a lot
of recyclable energy [1], [2], and cars are equipped with
many low-power microelectronic devices and wireless sen-
sors [3], [4], which provides an application foundation for
applying micro energy harvesters to cars. There are several
forms of recyclable energy generated during driving, such
as vibration energy, wind energy, heat energy, and even
solar energy [5], [6]. Among them, vibration energy and
wind energy have the characteristics of high recyclability
and convenient recovery during driving [4]. A micro har-
vester that recovers vibration energy and wind energy at the
same time can replace traditional chemical batteries to supply
power for microsensors or wireless electronic devices. And
it can effectively solve the problems of battery replacement,
environmental pollution, and high cost [7]–[10].

Due to the obvious advantages of high power density and
no electromagnetic interference, the piezoelectric aeroelastic
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energy harvesting has become a promising research topic
of the global research teams in recent decades [11]–[14].
The aeroelastic piezoelectric energy harvesters mainly
include galloping [15]–[17], flutter [18]–[21], vortex-
induced [22]–[24], and wake-induced vibration [25], [26]
energy harvesters. Among them, vortex-induced vibration
and wake-induced vibration piezoelectric energy harvesters
mainly capture energy for low-speed fluids. Flutter and gallop
piezoelectric energy harvesters have the characteristics of
self-excitation, divergence, nonlinearity, large amplitude, and
large deformation, and aremore suitable for energy capture of
high-speed fluids [27]. Flutter piezoelectric energy harvesters
can obtain persistent oscillations of acceptable amplitude
over a wide range of resonance wind speed [28]. Bryant and
Garcia [18] originally proposed a flutter-based aeroelastic
energy harvester (FAEH), and they found that the harvester
oscillated in a limit cycle at higher wind speeds above a
critical wind speed. Abdelkefi et al. [19] investigated the
influence of structural and aerodynamic nonlinearities on the
dynamic behavior of a FAEH system, and they found that
the variations in the torsional spring has the most influence
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FIGURE 1. Structural schematic of the hybrid vehicle-mounted energy harvester.

and could change the system’s instability to the subcritical
type. Wu et al. [29] proposed a piezo-aeroelastic energy
harvester based on an airfoil with double plunge degrees
of freedom. It is numerically demonstrated that the double-
plunge energy harvester outperforms its equivalent counter-
part using the pitch–plunge configuration in terms of both
the average power output and energy harvesting efficiency
as the flow velocity exceeds the cut-in speed. Li et al. [30],
[31] designed magnetically coupled nonlinear flutter wind
energy harvesters, and the experimental and numerical results
confirmed that the nonlinear harvesters have lower cut-in
wind speed and higher voltage output under low wind speed.

As the electromagnetic suspension energy recovery system
has the characteristics of high recovery efficiency, fast
response, and strong controllability, the research of vehicle
vibration energy collection mainly focuses on the recovery of
vibration energy of vehicle suspensions [32], [33]. However,
this kind of energy harvesters need to change the internal
structure of suspensions, and the cost is relatively high, thus
they are not suitable for the power supply of the low-power
microelectronic system. In addition, the tire-embedded piezo-
electric energy harvesters are also common designs [34]. For
example, Sadeqi et al. [35] designed a broadband piezoelec-
tric energy harvester for rotary motion applications by intro-
ducing a coupled spring-mass to the PZT beam undergoing
rotary motion. Khameneifar et al. [36] convert mechanical
strain into electricity through PZT stacks inside the tire, to
provide power for the wireless sensors inside the tire. The
analytical model calculated that 14 stacks of piezoelectric
devices would harvest about 42 mW of power. Because
the embedded tire structure is not easy to install and the
size requirements are more stringent, it does not have good
applicability.

Changing a single beam piezoelectric energy harvester to
a piezo-electromagnetic hybrid system is often considered
an effective method of frequency extension and output per-
formance improving [37]–[39]. Xu et al. [40] designed a
piezoelectric-electromagnetic hybrid vibration energy har-
vester which has two peak powers and it is 2.36 times more
than the combined output power of the linear piezoelectric

energy harvester and linear electromagnetic energy harvester
at 22.6 Hz. Tadesse et al. [41] reported a hybrid energy
harvester (HEH) using piezoelectric and electromagnetic
mechanisms. It consisted of a piezoelectric cantilever beam
and a permanent magnet attached at the tip of a spring,
which oscillated within a stationary coil. In addition, Li et al.
[42] conducted a theoretical and experimental analysis of
piezoelectric-electromagnetic energy harvester under random
vibration, and found that the maximum average output power
is related to the vibration frequency and acceleration. The
combination of piezoelectric and electromagnetic energy
harvesting structures will effectively improve the energy
harvesting effect.

This article aims to design a piezo-electromagnetic hybrid
vehicle-mounted energy harvester. This harvester is mainly
composed of a flutter piezoelectric energy harvester (FPEH)
and an electromagnetic vibration energy harvester (EVEH).
The two harvesters are coupled with each other by the end
magnetic force. The harvester can recover wind energy when
the road surface is relatively flat and wind speed is high, and
recover vibration energywhen the road condition is poor. This
paper mainly establishes the coupling mathematical model of
the wind energy harvesting effect of the hybrid structure. By
numerical simulation, the output characteristics are predicted
and analyzed. By conducting energy harvesting experiments,
the correctness of the mathematical model is verified.

II. STRUCTURE AND WORKING PRINCIPLE
As shown in Fig. 1, the hybrid vehicle-mounted energy har-
vester includes two independent energy harvesting structures:
a flutter piezoelectric energy harvester (FPEH) and an elec-
tromagnetic vibration energy harvester (EVEH). The flutter
piezoelectric energy harvesting structure consists of a piezo-
electric beam with a tip magnet, a rigid airfoil with a hinged
connection to the free end of the beam. To prevent the piezo-
electric patch from being damaged by excessive deformation
when the wind speed is too high, the substrate is designed as a
two-stage stepped beam with different thicknesses. The elec-
tromagnetic vibration energy harvester is installed in the front
of the leading edge of the airfoil. The airfoil will withstand the
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effects of aerodynamic lift and aerodynamic moment under
the action of airflow. When the frequencies of torsion and
bending modes coalesce with each other, the flutter phe-
nomenon occurs. Then piezoelectric cantilever oscillated in
a limit cycle above a critical wind speed, and generate an AC
voltage on the upper and lower surfaces of the piezoelectric
patch. The vibration of the magnet A will drive the vibration
of the magnets B in the coil, thereby generating alternating
currents. This hybrid energy harvester can also withstand
vibration in two directions for energy harvesting. Magnetic
coupling between magnets A and B can achieve broadband
harvesting from base vibrations, reduce the cut-inwind speed,
and increase the energy harvesting effect [31], [40].

A. PIEZO-AEROELASTIC VIBRATION MODEL
To obtain the equations of motion, we use Hamilton’s
variational principle which states [43]∫ t2

t1
[δ (T-U)+ δW ] dt = 0 (1)

where T is the kinetic energy of FPEH, U is the potential
energy of FPEH and δW is the virtual work done by the
external force. To simplify the analysis process, assumptions
are made as follows:

1) Magnet A is regarded as a particle, and its moment of
inertia is ignored;

2) The substrate and the piezoelectric patch are adhered
well, without considering the influence of the adhesive
on the piezoelectric beam;

3) The electric field of the piezoelectric ceramics is
uniformly distributed in the thickness direction (z-axis
direction).

Let w (x, t) be the displacement of a point on the
beam in the z-axis direction, and where x and t are
the x-direction coordinates and time, respectively. Note
ẇ (x, t) = ∂w(x,t)

∂t ,w′ (x, t) = ∂w(x,t)
∂x . The deflection angle of

a particle with an abscissa x on the piezoelectric beam respect
to the z-axis is approximately equal to w′ (x, t) [44]. The
kinetic energy of FPEH mainly includes the kinetic energy
of the piezoelectric patch, the substrate, the airfoil, and the
magnet A:

T =
1
2

∫ Lp

0

∫ ρb

Ab1
(ẇ (x, t))2 dAdx

+
1
2

∫ Lb

Lp

∫ ρb

Ab2
(ẇ (x, t))2 dAdx

+
1
2

∫ Lp

0

∫ ρp

Ap
(ẇ (x, t))2 dAdx +

1
2
mAt [ẇ (Lb, t)]2

+
1
2
mF [ẇ (Lb, t)]2 + mFbxαα̇ẇ (Lb, t)+

1
2
IF α̇2 (2)

where ρs and ρp are the density of the substrate and the
piezoelectric patch, respectively. Ab1,Ab2 and Ap are the
cross-sectional area of the fixed and free ends of the sub-
strate and the piezoelectric patch, respectively. Lp and Lb
are the length of the piezoelectric patch and the substrate,
respectively. mAt is the mass of magnet A. mF , b and IF are

the mass, the semi chord length, and the mass moment of
inertia of the airfoil, respectively. xα is the static unbalance
parameter which is the non-dimensional distance between the
center of gravity of airfoil and the axis of rotation. a is the
non-dimensional distance from the half-chord to the rotation
axis of the airfoil. α(rad) is the pitching displacement of the
airfoil.

The potential energy includes strain energy and electric
potential energy of the substrate and the piezoelectric
patch. By introducing the geometric nonlinear condition for-
mulated as S1 = −zw

′′
(
1+ 1

2w
′2
)
[45], where z is the dis-

tance from a point of the cantilever beam to the neutral layer
and S1 represent the axial strain. The potential energy of the
piezoelectric energy harvesting structure can be expressed as

U =
1
2

∫ Lb

0

∫
Ab1

EbS21dAdx +
1
2

∫ Lb

0

∫
Ab2

EbS21dAdx

+
1
2

∫ Lp

0

∫
Ap
EpS21dAdx −

1
2

∫ Lp

0

∫
Ap
εS33

V 2
1

t2p
dAdx

−

∫ Lp

0

∫
Ap
S1e31

V1
tp
dAdx (3)

where Eb and Ep are Young’s modulus of the substrate and
piezoelectric patch, respectively; εS33 and e31 are the dielectric
constant and piezoelectric constant of the piezoelectric patch,
respectively; V1 is the output voltage of FPEH. The influence
of the non-conservative forces can be captured by introducing
the general virtual-work term:

δW = −QLδw (Lb, t)+ QMδα + FBA−zδw (Lb, t)+ QδV1

−

∫ L

0
caw (x, t)δw (x, t) dx (4)

where QL and QM are the aerodynamic lift and its moment
applied on the airfoil, respectively.FBA−z is the effectivemag-
netic force acting on the tip of the beam.Q is the total electric
charge on the electrodes of the piezoelectric transducers. ca
is the mechanical damping coefficient. The aerodynamic lift
and its moment applied on the airfoil can be calculated by [31]

QL = ρU2bsCL
(
αeff

)
(5)

QM = ρU2b2s
(
1
2
+ a

)
CL
(
αeff

)
−

1
2
πρUb3sα̇ (6)

where U is the wind speed, CL
(
αeff

)
is the quasi-steady

aerodynamic lift coefficient, αeff is the effective angle of
attack due to the instantaneous motion of the airfoil and it
is given by [18], [19]:

CL
(
αeff

)
= aoLαeff −1CL

(
αeff

)
(7)

αeff = α +
ḣ
U
+

(
1
2
− a

)
b
α̇

U
(8)

where aoL is the linear lift coefficient. For the quasi-steady
stall model, the aerodynamic force has been evaluated using
the cubic polynomial approximation or the piecewise linear
function as mentioned in. In this work, the piecewise linear
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function is employed to model the aerodynamic force consid-
ering the stall effect, as follows [29], [31], [46]

∂1CL
(
αeff

)
∂αeff

=


0, −ᾱ1 ≤ αeff ≤ ᾱ1

6.3228, ᾱ1 ≤ αeff ≤ ᾱ2,−ᾱ2 ≤ αeff

≤ −ᾱ1

5.9, ᾱ2 ≤ αeff , αeff ≤ −ᾱ2

(9)

where 1CL
(
αeff

)
is the difference between linear and

nonlinear components of the aerodynamic coefficient curve.
To describe the vibration of the cantilever, the following

assumptions are made on the cantilever beam: the piezo-
electric cantilever beam follows the Ray-leigh-Ritz princi-
ple and the deflection of each particle in the x-direction of
the cantilever beam is considered to be the superposition of
vibration displacement in each mode. Under low-frequency
excitation, the true dynamic characteristics of the cantilever
can be described by the dynamic model of the cantilever in
the first-order mode [47]:

w (x, t) = φ1 (x) h (t) (10)

where φ1 (x) is the first-order bending mode shape function
of the cantilever beam, and in this paper, the finite element
method is used to obtain the mode shape function; h (t)
is the time mode coordinate corresponding to the vibration
displacement function. Substituting the (5) into (2), (3), and
(4), according to the Hamilton principle (the (1)), the elastic
governing equation of FPEH can be obtained:

M1ḧ+ mFbxαφ1 (Lb) α̈ + 2ξ1
√
K1M1ḣ+ K1h

+K2V1h2 + K5h5+K3h3 + θpV1 = FBA−z − QL
mFbxαφ1 (Lb) ḧ+ Ipα̈ = QM

CpV̇1 +
V1
R1
− θ ḣ− K2h2ḣ = 0

(11)

whereM1 is the equivalent mass; ξ1 is the mechanical damp-
ing ratio of FPEH; K1,K3,K 5, and K 2 are the linear stiff-
ness coefficient;θp is the electromechanical coupling coeffi-
cient; ξ1 is the damping ratio; FBA−z is the combined force
of magnet B and magnet C on magnet A in the z-direction.
QL and QM are the aerodynamic lift and its moment applied
on the airfoil, respectively. Cp is the equivalent capacitance
of the piezoelectric patch and R1 is the load resistance of the
FPEH. The calculation formulas of the above parameters are
as follows:

M1 =

∫ Lp

0
ρsAb1φ21 (x) dx +

∫ Lb

Lp
ρsAb2φ21 (x) dx

+

∫ Lp

0
ρpApφ21 (x) dx + mtipφ

2
1 (L) (12)

K1 =

∫ Lp

0
Ib1Ebφ

′′2
1 (x) dx +

∫ Lp

0
EpIpφ

′′2
1 (x) dx

+

∫ L

Lp
Ib2Ebφ

′′2
1 (x) dx (13)

K2 =
1
4

(
h2c − h

2
b

)
Wb

tp
e31φ

′3
1
(
Lp
)

(14)

K3 = 2
∫ Lp

0
Ib1Ebφ

′′2
1 (x) φ

′2
1 (x) dx

+2
∫ Lp

0
EpIpφ

′′2
1 (x) φ

′2
1 (x) dx

+2
∫ L

Lp
Ib2Ebφ

′′2
1 (x) φ

′2
1 (x) dx (15)

K5 =
3
4

∫ Lp

0
Ib1Ebφ

′′2
1 (x) φ

′4
1 (x) dx

+
3
4

∫ Lp

0
EpIpφ

′′2
1 (x) φ

′4
1 (x) dx

+
3
4

∫ L

Lp
Ib2Ebφ

′′2
1 (x) φ

′4
1 (x) dx (16)

Cp =
WbLpεS33

tp
(17)

θp =
1
2

(
h2c − h

2
b

)
Wbe31

tp
φ′1
(
Lp
)

(18)

where mtip is the mass of the end of the cantilever beam,
including the mass of magnet A, airfoil, and connectors.
Ib1, Ib2 and Ip are the area moments of inertia of the fixed
and free ends of the substrate and the piezoelectric patch,
respectively. tp is the thickness of the piezoelectric patch. ha is
the thickness from the substrate boundary to the neutral layer
and hc is the thickness from the boundary of the piezoelectric
layer to the neutral layer. And hb = hc − tp.

B. MAGNETIC OSCILLATOR VIBRATION MODEL
The conversion of electromagnetic energy is based on
Faraday’s law. During the vibration process, the magnetic
vibrator B is subjected to spring elastic force, inertial force,
the magnetic force between the magnets A and B, and elec-
tromagnetic coupling force between the magnet B and the
induction coil. The current in the coil complies with Kirch-
hoff’s law. Assume that the vibration of magnet A has a
small effect on the current in the coil and can be ignored.
The electromechanical coupling equation of the EVEH can
be expressed as{

M2ü2 + C2u̇2 + Keu2 + θeI2 = FAB−x
θeu̇2 − Lc İ2 − (R2 + RC ) I2 = 0

(19)

whereM2 is the mass of magnets B, θe is the electromagnetic
coupling coefficient, u2 is the displacement of the magnet B,
Ke is the spring stiffness of the electromagnetic vibrator, C2
is the mechanical damping coefficient of the EVEH, R2 is
the load resistance of the EVEH, I2 is the current flowing
through the resistor R2, Lc is the coil inductance, Rc is the
coil resistance value and u2 is the vibration displacement
of magnet B and FAB−x represents the component of the
repulsive force of magnet A to magnet B in the x-direction.
The parameters’ derivation process and calculation formulas
can refer to the literature [40].
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FIGURE 2. Geometric diagram of the relative position of endmost
magnets.

C. COUPLING MAGNETIC FORCE AND SYSTEM MODEL
The magnetic moment vectors EmA and EmB are related to the
volume of magnets. Denote the magnetic moments’ value of
the magnetic A and B be mA and mB and the direction is
shown in Fig. 2. The magnetic moment vectors EmA and EmB
can be expressed as

EmA = mAsinβ êz + mAcosβ êx , EmB = mBêx (20)

where β(rad) is the deviation angle of the end of the
piezoelectric beam, êz and êx are the unit vector in the
direction of x and z, respectively. The vector from the center
of magnetic dipole A to the center of magnetic dipole B is:

ErAB = wêz + (d + u2 − u1) êx (21)

where u1 is the displacement of magnet A in the x-direction
during vibration, and u1 = 1

2

∫ Lb
0 w

′

dx [43]. Considering the
effect of the magnet A on magnet B, the magnetic potential
energy of the magnetic B in this system is expressed as [48]:

UAB =
µ0 EmA EmB
2π |ErAB|

3 (22)

where µ0= 4π×10 Hm−1, is the magnetic vacuum perme-
ability. According to the relationship among the magnetic
force, the potential energy and the geometrical position and
vectors the magnetic force produced by magnetic A on mag-
netic B can be simply derived from the potential energy,
as follows [48]

EFAB =
dUAB

dErAB
= −

3µ0 EmA EmB
2π |ErAB|

4 r̂AB = FAB−zêz + FAB−x êx

(23)

where r̂AB is the unit vector of ErAB.FAB−x is the component
of EFAB in the x-direction, and is the effective magnetic force
when the magnet B vibrates. And the effective magnetic force
of the magnet A in the z-direction FBA−z can be obtained:
FBA−z = −FAB−z.
The governing electromechanical dynamic equation of the

hybrid system is obtained, as follow (24), shown at the bottom
of the page.

Define the state vector {q1, q2, q3, q4, q5, q6, q7, q8}T =
{h, α, ḣ, α̇,V1, u2, u̇2, I2

}T , and rearranging (24) results in
the following vector field governing equations (25), as shown
at the bottom of the page, where M2×2,C2×2 and K2×2 are
the matrices stand for structural mass, damping, and linear
stiffness of the FPEH, respectively.

III. NUMERAL CALCULATIONS
In this paper, the substrate material of the piezoelectric
beam is copper, and the piezoelectric material is PZT-5H.
The polarization direction of the piezoelectric patch is
along the z coordinate. Magnet A and B are ring magnets.
d takes the initial value of 30mm. The initial resistance load
of FPEH R1 is 70k� and the resistance load of the EVEH



M1ḧ+ mFbxαφ1 (Lb) α̈ + 2ξ1
√
K1M1ḣ+ K1h+ K2V1h2 + K5h5+K3h3 + θpV1 = FBA−z − QL

mFbxαφ1 (Lb) ḧ+ Ipα̈ = QM

CpV̇1 +
V1
R1
− θpḣ− K2h2ḣ = 0

M2ü2 + C2u̇2 + Keu2 + θeI2 = FAB−x
θeu̇2 − Lcİ2 − (R1 + RC ) I2 = 0

(24)



q̇1
q̇2
q̇3
q̇4
q̇5
q̇6
q̇7
q̇8


=



q3
q4

M−1
(
−C

{
q3
q4

}
− K

{
q1
q2

}
−

{
K3
0

}
q31 −

{
K5
0

}
q51 −

{
K2
0

}
q21q5 +

{
θp
0

}
q5

)

−
θp

Cp
q3 −

1
CpRL

q5 −
K2

Cp
q21q3

q̇7

−
C2

M2
q7 −

Ke
M2

q6 −
θe

M2
q8

θe

Lc
q7 −

R2 + RC
Lc

q8



+



0
0

M−1
{
FBA−z − QL
QM

}
0
0
FAB−x
M2

0


(25)
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FIGURE 3. Effect of vibration displacements on magnetic forces (d = 30mm) (a)FBA−z , (b)FAB−x .

TABLE 1. Structural and material parameters.

R2 is 120�. According to the research in the literature [40],
to maximize the electromechanical coupling coefficient θe,
the center height of the magnet B and the coil height are kept
consistent. The initial damping ratios of FPEH and EVEH are
both set as 0.02. The dimensions and material parameters of
the hybrid system are shown in table 1.

According to the (23), when the initial magnet spacing d
is 30mm, the changes of FBA−z and FAB−x with the vibra-
tion displacement h and u2 are shown in Fig. 3. As can be
seen from Fig. 3(a), FBA−z increases with u2 increasing, and
has two extreme values in the positive and negative interval
positions with the change of h. These two extreme values

will become two potential energy traps when the piezoelectric
vibrator vibrates. From Fig. 3(b) it can be seen that FAB−x
increases with u2 increasing, and the maximum value is
obtained when the displacement h is 0. When h = 0 and
u2 = 0, FAB−x is not equal to 0, which means the ini-
tial position is not in a balanced state. To make the mag-
netic vibrator in a balanced state, the calculation formula of
FAB−x needs to be modified:

FAB−x = F(AB−x)1 − F(AB−x)0 (26)

where FAB−x is the magnitude of the magnetic force after the
correction, F(AB−x)1 is the magnitude of the magnetic force
before the correction. F(AB−x)0 is the initial magnetic force
of magnet A to magnet B when the system is at the initial
position.

A. ANALYSIS OF OUTPUT CHARACTERISTICS
The output characteristics of the hybrid structure are shown
in Fig. 4 to Fig. 6. Fig. 4 shows the amplitude attenuation
curves below the cut-in wind speed. When the wind speed is
6m/s, the amplitudes of FPEH and EVEH, the output voltage
and current will decay with time. And the outputs of voltage
and current are relatively small. For classical flutter-based
piezoelectric energy harvesting structures, with the wind
speed increasing, the phase difference between the coupled
bending and torsion modes will lead to the self-sustained
positive work exerted by aerodynamic force-producing stable
limit cycle oscillations [30], [49]. The coupling effect of
the piezo-electromagnetic hybrid structure through the mag-
nets will affect the vibration characteristics of the cantilever
beam. The vibration characteristics of the piezoelectric vibra-
tor and electromagnetic vibrator at wind speeds of 12 m/s
and 18 m/s are shown in Fig. 5 and Fig. 6, respectively.
It can be seen from Fig. 5(a) that when the wind speed
is 12m/s, the displacement amplitudes of the piezoelectric
vibrator reach 9.1mm. The vibration displacement of the
electromagnetic vibrator does not vibrate around the initial
position (the upper and lower amplitudes are not the same),
and the absolute value of the lower amplitude is larger than
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FIGURE 4. Time history curves (d = 30mm, U = 6m/s): (a) vibration displacements; (b)output voltage V1 and current I2.

FIGURE 5. Time histories and phase plots of vibration displacement, output voltage and current amplitude-frequency
characteristics (d = 30mm, U = 12m/s): (a) and (b) time histories; (c) and (d) phase plots; (e) and (f) amplitude-frequency
characteristic curves of V1 and I2.

the upper amplitude. This is because when the piezoelectric
vibrator starts to vibrate, the balance position has shifted to
the left. It can be seen from Fig. 5(b) that the output voltage

amplitude of the piezoelectric vibrator and current amplitude
of the electromagnetic vibrator reached 10.6V and 8.5mA
respectively.
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FIGURE 6. Time histories and phase plots of vibration displacement, output voltage and current amplitude-frequency characteristics (d = 30mm,
U = 18m/s): (a) and (b) time histories; (c) and (d) phase plots; (e) and (f) amplitude-frequency characteristic curve of voltage and current.

From Fig. 5(c) and Fig. 5(d), it can be seen that the
piezoelectric vibrator exhibits a bistable characteristic under
the action of the magnetic force, which provides the basis
for increasing the voltage output [37], [50]. The piezoelectric
vibrator oscillates between two potential energy traps, and
the electromagnetic vibrator exhibits an irregular nearly cir-
cular orbit. The amplitude-frequency characteristic curves of
voltage and current are obtained by fast Fourier transform of
voltage and current which are shown as Fig. 5(e) and Fig. 5(f).
Both voltage power spectrum and current power spectrum
exhibit multi-frequency characteristics, which is caused by

the coupling effect between the two vibrators. The main
frequency of the voltage is 9.33Hz, and the main frequency of
the current is 19Hz which is exactly twice that of the voltage.
This is because the vibration of the piezoelectric cantilever
beam in one cycle exerts two symmetric dynamic magnetic
forces on the electromagnetic vibrator.

As shown in Fig. 6(a) and Fig. 6(b), when the wind speed
is 18m/s, the vibration displacement of the voltage vibra-
tor reaches 29.3mm, the electromagnetic vibrator’s vibration
equilibrium position is -7.2mm, and the maximum displace-
ment is -16.3mm. The peak values of voltage and current are
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FIGURE 7. Displacement amplitude of the FPEH and EVEH changing with wind speed at different d : (a) FPEH; (b) EVEH.

29.2V and 23.5mA, respectively. It can be seen from Fig. 6(c)
and Fig. 6(d) that the vibration of the piezoelectric vibrator is
chaotic, and there is no stable vibration orbit. At the same
time, the phase diagram of the current also appears chaotic,
and the vibrating phase orbit exhibits an irregular shape. This
is because the nonlinear phenomenon of the structure and the
magnetic coupling nonlinear phenomenon are more obvious
when the wind speed is higher so that chaos appears. From
Fig. 6(e) and Fig. 6(f), it can be seen that the piezoelectric
and electromagnetic vibrators still exhibit a multi-frequency
phenomenon. Themain frequencies of voltage and current are
lower than the frequencies at 6m/s, which are 8Hz and 16Hz
respectively.

B. INFLUENCE OF THE DISTANCE BETWEEN MAGNETS
ON THE ENERGY HARVESTING EFFECT
To analyze the effect of the magnetic distance d on the output
characteristics of the hybrid structure, six different magnetic
distances are taken, and the displacement amplitude, voltage,
and current amplitude, and frequency change characteristics
are analyzed as shown in Fig.7 to Fig.10 and compared with
the output characteristics of the classic flutter structure. It can
be seen from Fig. 7 that when d is 30mm, 33mm, 36mm, and
39mm, respectively, the vibration displacement amplitude
of the piezoelectric vibrator increases with the wind speed
increasing above the cut-in wind speed and the vibration dis-
placement amplitude is higher than that of the classic FPEH.
The closer the magnet distance is, the more obvious the effect
of amplitude increasing is. When the wind speed reaches
20m/s, the vibration displacement is 29.99mm, 27.21mm,
23.06mm, 22.67mm, respectively. The displacement ampli-
tude of the classic FPEH is 21.1mm at 20m/s. When d is
30mm, the amplitude of the hybrid structure is increased by
0.42 times compared with the classic structure. The hybrid
structure also has the effect of reducing the cut-in wind

speed of the system, and the smaller the magnetic distance is,
the more obvious the reduction effect is. When d is 30mm,
the cut-in wind speed is 6.6m/s, which is 1.5m/s earlier than
8.1m/s of the classic FPEH. FromFig. 7(b), when d is taken as
30mm, 33mm, 36mm, and 39mm, the vibration displacement
of the electromagnetic vibrator increases with the wind speed
increasing. The smaller d is taken, the greater the vibration
displacement is. When the d is 36mm and 39mm, the vibra-
tion displacement of the magnet B is significantly higher than
that of d is taken 30mm and 33mm. When d is 39mm the
vibration displacement of the magnetic vibrator is 3.088mm
which is 0.84 times smaller than 19.23mm when d is 30mm.
This is due to the magnetic force is too small when the larger
magnetic distance is taken.

From Fig. 7(a) and Fig. 7(b), when d is 26mm and 28mm,
the FPEH’s displacement amplitude and the EVEH’s maxi-
mum displacement both show irregular curves with the wind
speed increasing. To analyze the reason, the time-domain
curve of the electromagnetic vibrator’s displacement when
the wind speed is 12m/s and d takes 26mm is shown in
Fig. 8. Under these conditions, the displacement u2 of the
electromagnetic vibrator fluctuates near the initial position
of the electromagnetic vibrator before 0.3s. And after 0.3s,
u2 suddenly increases to 50mm-60mm (the negative sign
in Fig. 8 only indicates the direction). This is mainly because
the closer the magnets A and B are, the greater the magnetic
force is, and the greater the amplitude is. The initial distance
d between magnets B and the magnet A is only 26mm, which
means that magnet B is already vibrating behind magnet A.
When the position of the magnet B passes the position of
the magnet A, the direction of the repulsive force of the
magnet A to themagnet Bwill be reversed, resulting in a great
displacement of the magnet B. In reality when the magnet
B has such a large displacement, the spring will deform
irreparably and the hybrid structure will be destroyed. For this
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FIGURE 8. Time-domain curve of the electromagnetic vibrator’s displacement at U = 12m/s and d = 26mm.

FIGURE 9. FPEH’s voltage amplitude and EVEH’s current amplitude changing with wind speed at different d : (a) voltage; (b) current.

reason, the vibration characteristics of the electromagnetic
vibrator and the piezoelectric vibrator are irregular with the
wind speed.

As shown in Fig. 9(a) and Fig. 9(b), both voltage and
current increase with the wind speed increasing above the
cut-in wind speed, and the smaller the magnetic distance,
the better the energy harvesting effect. When d is 30mm and
wind speed is 20m/s the voltage of FPEH is 36.32V, which
is 0.50 times higher than that of classic FPEH’s 24.25V, and
the current of EVEH is 16.49mA which is 3.48 times higher
than that of d is taken 39mm. Similarly, when d is 26mm
and 28mm, the voltage and current output also show irregular
changes. When d is taken as 30mm and 33mm respectively,
the current curves show a downward trend after the peaks at
17m/s and 16m/s. In order to analyze the reason, the changes
in the main frequency of voltage and current with wind speed
are drawn as shown in Fig. 10. As the wind speed increases,
the vibration frequency of the electromagnetic vibrator and
the piezoelectric vibrator gradually decreases. As the distance

between themagnets decreases, the vibration frequency of the
piezoelectric vibrator and the electromagnetic vibrator also
decrease.

Although the vibration displacement of the electromag-
netic vibrator increases with the wind speed increasing,
the vibration frequency decreases. The reduction of the vibra-
tion frequency leads to the reduction of the vibration speed
and so that the output current decreases. Therefore, when d
is 30mm, 33mm, and the wind speed is lower than 16m/s, the
increase in amplitude leads to an increase in output current,
and when the wind speed is higher than 16m/s, the decrease
in frequency leads to a decrease in output current.

In these sets of data, for data other than d takes 28mm and
26mm, when d is 30mm, the amplitudes of FPEH’s output
voltage and EVEH’s output current are the highest, and the
cut-in wind speed is the lowest. When the magnet is closer,
irregular changes in output characteristics are likely to occur,
and even the large displacement of magnet B leads to damage
to the hybrid structure.
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FIGURE 10. Frequency of FPEH and EVEH changing with wind speed at different d : (a) FPEH; (b) EVEH.

FIGURE 11. Output peak power changing with load resistances at different wind speeds: (a) FPEH, (b) EVEH.

C. INFLUENCE OF THE LOAD RESISTANCES ON THE
ENERGY HARVESTING PERFORMANCE
The internal resistance of piezoelectric energy harvester is
mainly capacitive internal resistance. The optimal matching
load of FPEH is mainly related to the equivalent capaci-
tance and vibration frequency. To discuss the effect of load
resistance R1 on the energy harvesting effect of FPEH,
this article discusses the variation of the peak power of
FPEH with the load resistance R1 at five different wind
speeds, as shown in Fig. 11(a). According to Fig. 11(a),
when the wind speed is 8m/s,10m/s,12m/s,14m/s, and 16m/s
respectively, the output peak power increases first and then
decreases with the load resistance R1 increasing, and the
maximum value is obtained between 70k�-80k�. So the
matching load of this FPEH is between 70k�-80k�. When
the wind speed is low, the value of output power P1 changes
with the change of resistance R1 is small. The internal resis-
tance of EVEH is mainly related to the internal resistance of

the coil. This paper analyzes the change of the peak power
of EVEH with the load resistance R2 under five different
wind speeds as shown in Fig. 11(b). According to Fig. 11(b),
when the wind speed is 8m/s,10m/s,12m/s,14m/s, and 16m/s
respectively, the EVEH’s output peak power increases first
and then decreases with the load resistance R2 increasing,
and the maximum value is obtained between 60 �-70 �.
Therefore the matching load of this EVEH is between
60�-70 �.

IV. EXPERIMENTS, RESULTS, AND DISCUSSION
A. EXPERIMENTAL SETUP
Fig.12 illustrates an experimental system for wind energy
harvesting effect and the hybrid energy harvester prototype.
A maximum uniform airflow velocity of 20 m/s can be
achieved at the frequency converter (V8 4T 4R0GB, Shen-
zhen Veko Technology Electronics, Ltd., Shenzhen, China)
of 50 Hz. The system consists of a cylindrical wind channel,
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FIGURE 12. (a) Experimental devices; (b) hybrid energy harvester prototype.

FIGURE 13. Experimental time histories of output voltage V1 and current I2 at 14m/s:
(a) V1; (b) I2.

a super charging blower (DWF 3.15L, Shandong Kepuda Fan
Co., Ltd., Dezhou, China), an energy harvester, an anemo-
graph (AS-H3, Wuhan Zhongce Hongtu Measuring Instru-
ment Co., Ltd, Wuhan, China), an oscilloscope (MDO 3014,
Tektronix Inc., Beaverton, Oregon, USA). A honeycomb is
used to form a steady airflow and decrease the disturbance.
A PC and the digital storage oscilloscope can measure and
record the output voltage and current, which across the
external load resistances in real-time.

The stepped beam is made by pasting two copper patches
of different lengths together. The substrate from 0 to Lp is
formed by bonding two copper patches (0.6mm and 0.3mm)
and that Lp–Lb segment has only one layer of 0.6mm copper
patch. Adhesives between the piezoelectric patch and the
copper plate and between the copper patches adopt conduc-
tive AB glue containing copper powder. After the comple-
tion of bonding, it can be used after 24h of holding pres-
sure. The airfoil and connector are made by 3D printing
and the material is PLA. Hinged columns are made of fine

copper bars. The magnet of the electromagnetic vibrator is
formed by the superposition of three ring magnets, and the
connector between it and the spring is made by 3D printing.
The electromagnetic vibrator is placed inside a sleeve, and
the end of the sleeve is sealed to prevent wind from affecting
the vibration of the magnet B. By installing a copper guide-
post on the trajectory of magnet B, magnet B can only vibrate
in one direction.

B. EXPERIMENTAL VALIDATION
From the optimal performance analysis results in
Section III.B, i can be found that the energy harvesting char-
acteristics are particularly better when thedistanceof magnes
is 30mm. Therefore, the distanceof magnes is taken as 30mm.
After the free deca vibration test [51] and preliminary simu-
lation, the modal damping ratio of FPEH is set as ξ1 = 0.018,
and the modal damping ratio of EVEH is set as ξ2 = 0.038.
R1 is set as70� and R2 is 60�. The other material parameters
ar same as those in Table 1.
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FIGURE 14. Comparisons of the output performance using the mathematical model and the experimental measurements: (a) and (b) the output voltage
amplitude of FPEH and output current amplitude of EVEH changing with wind speed; (c) and (d) output peak power of FPEH and EVEH changing with
load resistances at 18m/s.

Fig. 13 is the time-domain curve of voltage and current
output when the wind speed is 14m/s. It can be seen from
Fig. 13 that the output waveform in the time domain is con-
fusing, which is caused by the fact that the test conditions can-
not meet the ideal conditions of numerical simulation well.
During the test, the wind supply device is relatively simple,
it is hard to obtain a stable wind speed. The wind speed
changes back and forth around a certain wind speed, so the
amplitude of the time-domain voltage curve and current curve
vary greatly. Due to it is difficult to compare the waveforms
in the domain, this article only compares the amplitude of the
output voltage and current. Fig. 14 is the comparison of the
theoretical and experimental results of the output capability
of the hybrid structure.

It can be seen from Fig. 14(a) that the experimental output
voltage’s amplitude change trends of the FPEH part of hybrid
structure and classic FPEHwith the wind speed are consistent
with the theoretical predicted. After reaching the cut-in wind
speed, the hybrid harvester’s output voltage amplitude by the

experimental test increases with the wind speed increasing.
When the wind speed is 18m/s, the experimental result is
32.2V, which is 3.0V higher than the theoretically predicted
value of 29.2V, and the error is 9.31%. At the same time, it can
be seen that the output voltage is not 0 when the wind speed
is 5m/s and 6m/s, which is due to the unstable wind speed
output by the blower and the system vibration caused by the
disturbance of the airflow. The variation trend of the classic
FPEH’s voltage amplitude with the wind speed is the same as
that of the hybrid structure’s FPEH, but it has higher cut-in
wind speed and lower output. When the wind speed reaches
18m/s, the experimental voltage of the classic flutter structure
is 22.2V. The experimental voltage of the hybrid structure
is 45% higher than that of the classic FPEH. Achieved the
purpose of reducing the cut-in wind speed and increasing the
output.

FromFig. 14(b), it can be seen that the variation trend of the
EVEH’s output current amplitude with the wind speed by the
experimental test is consistent with the theoretical prediction.
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The output current amplitude by the experimental test is
22.4 mA at the wind speed of 18m/s, which is 2.8mA lower
than the theoretically predicted value of 25.2mA. The error
of the electromagnetic output current is mainly due to the
axial magnetic force generated on the magnet B when the
piezoelectric vibrator vibrates radial repulsive force, which
will increase the friction between the electromagnetic vibra-
tor and the guide column, thereby reducing the current output.
Fig. 14(c) and 14(d) show the output peak power’s change
trend of FPEH and EVEH with load resistances changing
at 18m/s. It can be seen from Fig. 14(c) that the FPEH’s
peak output power increases first and then decreases with
the load resistance R1 increasing, and obtains a maximum
value of 14.5mW at 70k�, which is 1.82mW higher than
the theoretically calculated 12.68mW. It can be seen from
Fig. 14(d) that the EVEH’s peak output power increases first
and then decreases with the load resistance R2 increasing,
and obtains a maximum value of 31.8mW at 60�, which is
5.8 mW lower than the theoretical calculation of 37.6mW.

Accordingly, it is a powerful statement that the theoretical
and experimental results are in good agreement. Although
the experimental output voltage and current waveforms are
not stable enough, the wind speed of the vehicle-mounted
energy harvester in actual work cannot be stable. Therefore,
this experiment also proved this vehicle-mounted energy
harvester can achieve the purpose of powering low-power
electronic devices (such as miniature accelerometers of 1mW
level).

V. CONCLUSION
This work proposed a piezo-electromagnetic hybrid vehicle-
mounted energy harvester that can recover the wind energy
and vibration energy generated during driving. The coupled
vibrationmathematical model was established, and the output
performances of the energy harvesting were analyzed and
predicted. When the wind speed is 12m/s, the phase dia-
gram exhibits bistable characteristics. When the wind speed
reaches 18m/s, the structure of the phase diagram is chaotic.
The effects of the different distances between magnets on
the output were discussed. Results show that the energy-
harvesting effect is the best when the distance between mag-
nets is 30mm. At the same time, the numerical simulation
proves that the hybrid structure is better than the classic
FPEH. The combination of the two structures can play a role
in reducing the cut-in wind speed. The experimental verifi-
cation is carried out, and the theoretical prediction results
are consistent with the experimental results, which verified
the correctness of the theory. The optimal load of FPEH is
70k�, and the optimal load of EVEH is 60�. When the wind
speed is 18m/s and R1 is 70k�, the FPEH’s peak output
power is 14.5mW. And the EVEH’s peak output power is
31.8mWat 18m/s whenR2 is 60�. The present work provides
an effective theoretical and experimental foundation for the
research of the energy harvesting and vibration control of
the piezo-electromagnetic hybrid vehicle-mounted energy
harvester.
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