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Abstract: Small wind energy harvesting converts aeroelastic vibration into electricity and can provide
independent power supplies for low-power-consumption sensors, which are not convenient for
replacing chemical batteries frequently. As wind energy harvesters collect sustainable energy from
the ambient environment, they are environmentally friendly and energy saving. The most widely
adopted wind-induced vibration mechanisms for designing wind energy harvesters are vortex-
induced vibration (VIV) and galloping. VIV-based piezoelectric energy harvesters (VIVPEHSs) can
stabilize the output voltage at low wind speeds, while galloping-based piezoelectric energy harvesters
(GPEHSs) can operate at high wind speeds and have wide bandwidths. This paper uses a spring
to connect the two traditional wind harvesters to constitute a hybrid wind piezoelectric energy
harvester (HWPEH). It is expected that the HWPEH can inherit the advantages of both traditional
wind harvesters, i.e., it can reduce the cut-in wind speed, as the traditional VIVPEH, and have a broad
working bandwidth, as the traditional GPEH. The effects of the mechanical and circuit parameters
on the output voltage and power of the HWPEH are investigated and compared to traditional wind
harvesters. It has been found that the aerodynamic behavior of the HWPEH can be customized by
changing the masses, stiffnesses, shunt resistances, and damping coefficients. The proposed HWPEH
can outperform traditional wind harvesters if the system parameters are well tuned.

Keywords: wind energy harvesting; vortex-induced vibration; galloping; coupled dual beams

1. Introduction

The rising level of green house gas emissions due to the growing industrialization
around the word poses a huge threat to the environment. The urgency of environmental
protection has increasingly drawn growing public attention, increasing the demand for
sustainable development and, in particular, clean energy. Hence, there rises an urgent
demand for sustainable development and clean energy. Currently, most research focuses
on harnessing large-scale wind energy, wave energy, tidal energy, etc. Those power gen-
eration devices are usually bulky, costly, and have many installation restrictions. In the
context of the Internet of Things (IoTs), billions of low-power-consumption node sensors
will be inefficiently implemented. Whether small-scale power generation devices can be
invented to serve those IoT sensors has attracted much interest from the industrial and
academic communities [1,2].

In recent years, small-scale wind energy harvesters have been extensively investi-
gated [3-7]. In addition to being more portable and economical, wind energy harvesters
are also environmentally friendly. Unlike large-scale windmills that use spinning blades,
most small-scale wind harvesters are designed according to flow-induced vibration mech-
anisms to miniaturize the dimensions of the devices. Flow-induced vibration (FIV) can
be further divided into vortex-induced vibration (VIV), buffeting, galloping, and flutter,
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where the former two belong to forced vibration, and the latter two are in the classification
of limit-cycle oscillation.

Vortex-induced vibration can take place at low wind speeds, but its working band-
width is limited by the lock-in region [8]. Galloping is a self-excited vibration caused by
aeroelastic instability [9]. It has a high cut-in wind speed and a wide effective operation
range. Since galloping vibration amplitude increases monotonically with increasing wind
speed, it is particularly conducive to collecting energy from high-speed wind [10].

On the topic of vortex-induced vibration, Dai et al. [6] established a theoretical model
of a VIV piezoelectric energy harvester (PEH) to predict the energy performance. They
carried out an experiment to validate the theoretical model. Azadeh-Ranjbar et al. [11]
studied the vortex-induced vibration of a cylinder installed on an elastic cantilever beam,
whose structure was similar to many VIVPEHs in the literature. They found that reducing
the aspect ratio could broaden the lock-in envelope and increase the peak oscillation
amplitude. In the field of galloping systems, U. Javed et al. [12] used different aerodynamic
load representations (i.e., polynomial functions) to capture the dynamic characteristics of
galloping, and predict the galloping harvester’s performance.

In recent years, many papers have discussed the possibility of combining the two
FIV phenomena to enhance wind energy harvesting performance [13,14]. Wang et al. [15]
changed the shape of the bluff body by hybridizing a cylinder and a square prism in
different ways. Wind tunnel tests showed that this structure performed VIV at low wind
speeds, and exhibited galloping behavior at high wind speeds. Though they realized hybrid
wind energy harvesting, this method relied on trial and error to figure out the most suitable
combination for improving rather than deteriorating energy harvesting performance. In
other words, it is difficult to find a clear and reliable design rule.

Most previous studies focused on a single degree of freedom (SDOF). Some researchers
tried to study a new type of dual-beam electromagnetic elastic nonlinear wind harvester,
which connected two galloping energy harvesters by magnetic blocks to improve the
vibration efficiency [13]. They found that it outperformed linear dual-beam piezoelectric
wind harvesters and significantly reduced the access speed. In the low, medium and high
wind speed ranges, there were inter-well oscillation, chaotic oscillation and intra-well
oscillation, respectively. Meanwhile, they found that the stiffness ratio, the effective mass
ratio and the blunt body width of the beam have significant influences on the structure.
More related studies of multiple-DOF wind energy harvesters can be found in [16-18].

Inspired by extant research, this paper proposes a hybrid wind piezoelectric en-
ergy harvester (HWPEH) that is the combination of a traditional GPEH (galloping-based
piezoelectric energy harvester) and a traditional VIVPEH (VIV-based piezoelectric energy
harvester). Because the vibration ranges and bandwidths of the traditional GEPH and
VIVPEH are different, we connect them by a linear spring to make them influence each
other and allow the HWPEH to inherit the advantages from both of them. This spring
connection realizes the coupling of VIV and galloping from a dynamic point of view. The
VIVPEH-Component reduces the cut-in wind speed of the whole structure, while the
GPEH-Component allows it to generate power output at high wind speeds. In this way,
the bandwidth of the power generation device can be widened to some extent, the wind
energy in the environment can be fully utilized, and the energy conversion efficiency of
the device can be improved. Since prior research has found that the relevant mechanical
parameters and the resistive load would influence the output of the harvester [3,13], this
paper investigates the impact of the effective mass, the effective stiffness, the effective
damping coefficient, and the resistive load on the structure.

2. System Overview and Governing Equations

Conventionally, a cantilever beam attached with a cylinder bluff body forms a vortex-
induced vibration piezoelectric energy harvester (VIVPEH), while a cantilever beam at-
tached with a bluff body of a square section makes up a galloping piezoelectric energy
harvester (GPEH). In this paper, we propose to couple the two typical wind energy har-
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vesters and attempt to enlarge the effective working wind speed bandwidth. The voltage
outputs are generated by piezoelectric patches installed on the cantilever beams. Each
piezoelectric path has its own independent circuit. For convenience, the cantilever beam
attached with a bluff body of square section is referred to as “beam A”, and the cantilever
beam attached with the cylinder bluff body is referred to as “beam B”. Figure 1a displays
the physical prototype of a conventional VIVPEH designed by Wang et al. [5]. Figure 1b
shows the fabricated prototype of a conventional GPEH proposed by Tang et al. [19]. Since
a cantilever beam energy harvester can usually be represented as an SDOF system, the
proposed HWPEH can thus be described as a 2DOF system, as shown in Figure 1c, by
adopting the lumped parameter representation method. The piezoelectric patch bonded on
beam A is different from that of beam B. R4 and Rp are the load resistances connected to
the two piezoelectric patches. By adjusting the spring stiffness, the GPEH and the VIVPEH
can interact with each other. M, K, and C are the effective mass, stiffness, and damping
coefficient, respectively. The subscripts A and B denote the GPEH and the VIVPEH. K¢
means the stiffness of the string. X and Y denote the vertical displacements of the GPEH
and the VIVPEH, respectively. Additionally, Z represents the base displacement.

Figure 1. (a) Physical prototype of a conventional VIVPEH [5]; (b) physical prototype of a conven-
tional GPEH [19]; (c) lumped parameter representation of the 2DOF HWPEH.

The displacements of the cylinder and square-sectioned bluff bodies are denoted by
X and Y, respectively. The coupling spring connects the two bluff bodies. The coupling
strength can be adjusted by changing the spring stiffness. The length of the square-sectioned
bluff body is L4 = 150 mm, and the dimensions of the cross section are 40 mm x 40 mm.
The cylinder bluff body has a length of Lg = 120 mm, and the diameter Dp is 35 mm.

2.1. The GPEH Model

The bluff body at the end of the galloping beam vibrates under the action of the wind
load, and the governing equation is as follows:

MAj&(t) + CAX(t) +KAx(t) = FA(t) 1

where M, is the equivalent mass that includes the contributions of the beam and the
bluff body; C4 is the damping coefficient; K4 is the equivalent stiffness of the beam; x(t)
is the displacement of the bluff body; and F4(t) is the aerodynamic force. Fx(t) can be
expressed as:

1
Fa(t) = EPaSA U*Cry )

where p, is the air density; U is the wind velocity; S 4 is the windward area of the bluff body
and Cry is the total aerodynamic force coefficient. Crz is a function of the attack angle
«, and can be determined through experiments or CFD (Computational Fluid Dynamics)
simulations. For simplicity, Crz can be empirically expressed as a polynomial expansion:

Cry = Z Ai(“)i 3)

i=1,2,3..
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where A;(i =1, 2,...,n) are the empirical coefficients for the polynomial fitting. Therefore,
the dynamic term can be expressed as follows:

. i—1
pesall T (A3 ) @

By substituting Equation (4) into Equation (1), the governing equation can be trans-
formed into the following form:

Max(t) +{Ca — %pasAu YL Bx(0)]}x(t) + Kax()) =0 (5)
i=1, 2...

Galloping is caused by the instability of the fluid profile due to its own shape, which
leads to vortex shedding at the wake of the bluff body and instability caused by other types
of the cross flow. The cantilever beam in the wake acts as a separation plate and interferes
with the regular vortex shedding [20]. This further enables the GPEH to quickly suppress
VPEH shedding excitation. Therefore, this work ignores the effect of vortex shedding on
GPEH dynamics and adopts 1-DOF lumped parameter model.

The vibration of the bluff body will result in the deformation of the cantilever beam,
which will affect the electrical energy output of the piezoelectric sheet and convert the
kinetic energy of the vibration into electric energy. Therefore, the electrical formula needs
to be added to the governing equation.

Mak(t) +{Ca — 3paSalU] 122 (Ai(%)iil)]}x(t)‘kKAx(t)+®AVA(t):0 ©
Chva+ %Y —@4x(t) =0

It can be converted it into the state-space form:

0 1 0
{ Et;] T A Cadasal b, AGOT - -[mg] %
Y Val(t)

i=1, 2...
A(t) 0 O4 __1

P P
ct CPR,

2.2. The VIVPEH Model

VIV is induced by alternate shedding vortices downstream of a bluff body [21]. When
the fluid flows around the bluff body, the wake behind the bluff body will periodically
produce eddy currents. Vortex shedding will produce an asymmetric pressure field around
the bluff body, which will be subjected to alternating aerodynamic forces, resulting in finite
amplitude vibration. Facchinetti. et al. [22] pointed out that the wake oscillator model can
be applied to describe vortex-induced vibration.

Beam B undergoes VIV, based on Euler’s beam theory and considering only the
fundamental mode, the dynamic behavior of the cantilever subjected to the aerodynamic
force is governed by the following equation:

Mpy(t) + Cpy(t) + Kpy(t) = Fp(t) (8)

where y(t) is the vibration displacement; Mp is the equivalent mass of the bluff body; Cp is
the equivalent damping coefficient; Kp is the equivalent stiffness of the system; Fp(t) is the
aerodynamic force induced by vortex, which can be expressed as:

1 1 )
Fg(t) = 7paCLoDpULq(t) — 5paCpDEULg(t) ©)
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where Cj represents the fluctuating lift coefficient; Cp is the mean drag coefficient; Dp
and Lg mean the bluff body’s diameter and length, respectively. Thus, Equation (8) is
rewritten as:

. 1 . 1
Mgi(t) + [Cp + EpﬂcDDBULB]y(t) + Kpy(t) = ZpacLODBUZLB (10)

Considering the wake behavior around the bluff body, the variable g(t) is introduced
based on wake oscillator model.. The governing equation of 4(t) can thus be expressed as:

(0) + Adslg?(6) = 1) (1) + wlq(t) = Si0) an

where A and A are equal to 0.3 and 12, determined experimentally. Additionally, the vortex
shedding frequency:
e — 27tS tll
D
By taking account of the shunt circuit, the governing equations of the VIVPEH can be
written as:

(12)

ng(f) + [CB + %paCDDBULB]y(t) + KBy(t) + @BVB(t) = %pucLoDBUZLBq(t)
Yelt) + CEVg(t) — Op(t) =0 (13)

q(t) + Awslg* () = 1q(t) + wiq(t) = 5 (t)

0 y(t)
y(t) y(t)
The state-space form governing equations can be expressed as: | Vz(t) | = B- | Vp(t)
10 a(h)
4(t) q(t)
0 1 0 0 0 i
_ﬁ [CB+C111} % CaZ O
Mp B Mg Mp
(©) 1
p=| O o “ Ryl 0 0 (14)
0 0 0 0 1
Cp+C, ”
“Boah b R B el —AwlP() -]

where C,ﬂ = %PaCDDBULB;CuZ = %pacLoDBUZLB

2.3. The HWPEH Model

In this paper, the two typical wind energy harvesters are proposed to be connected by
a spring of stiffness K¢c. The coupled system is referred to as the hybrid wind piezoelectric
energy harvester (HWPEH). Based on the governing equations of the GPEH and the



Symmetry 2022, 14, 2601 60f 17

VIVPEH and considering the existence of the coupling spring, the governing equations of
the HWPEH can be expressed as:

MAR(E) + {Ca— 3paSalll £ AED) ' 35(0) + Kax(t) + ©4Va(H)

i=1,2...
FKe(x(8) — y(1)) = 0
CZVA + % —Oax(t) =0

. . 15
M (1) +[C + 3paCoDsULs](1) + Kny (1) + O3 Vi (1) — Ke(x(t) —y(1)) 1
= 104CroDU>Lgq(t)
Y + V(1) — Opy(t) = 0
G(t) + Aws[g (1) = 1]q(t) + wiq(t) = 5 (t)
Converting the above equation into the state-space form gives:
[ x(8) ] M x(t) ]
x(t) x(t)
Val(t) Val(t)
y(t) | _ gl v ”
10 () (16
V(t) Vi(t)
q(t) 9(t)
L g(t) L q(t)
[0 1 0 0 0 0 0 0 i
Keeka _L{Ca-Fa()} -§A  +iE 0 0 0 0
® 1
0 o T 0 0 0 0 0
5 0 0 0 0 1 0 0 0
- K Kc+K Cp+Cy <) C
MiCB 0 0 N %B . - BMB . _7@ J\/TE 0
S 1
0 0 0 0 &= - 0 0
0 0 0 0 0 0 0 1
0 0 0 —pepp 4Gl A0 Al W2 Aw[(H) - 1))

The parameters of the HWPEH to be investigated in this paper are listed in Table 1.

Table 1. System parameters of the HWPEH to be investigated.

Mechanical Parameters Aerodynamic Parameters
GPEH effective mass M 4(g) 28.16 Air density, p (kg-m*3) 1.204
VIVPEH effective mass Mp(g) 4316 Empirical aerodynamic A1 =23
GPEH effective stiffness K4(N-m~1) 52.01 coefficients of polynomial Ay =0
VIVPEH effective stiffness Kz (N-m™1) 9.894 expansion of C,, A= —18
GPEH effective damping C4 0.019 Amplitude of the fluctuating lift force 0.490
VIVPEH effective damping Cp 0.01 coefficient Cr )
GPEH electromechanical coupling ® A(UN-V~1) 370.6 Mean drag coefficient Cp 1.331
VIVPEH electromechanical coupling @5(uN-V~1) 98.94 Strouhal number S; 0.128
GPEH capacitance, Cﬁ (nF) 180
VIVPEH capacitance, C} (nF) 12.2
GPEH resistive load, R 4 (MQ)) 35

VIVPEH resistive load, Rg (MQ)) 3.5
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3. Parametric Studies

This section presents parametric studies to unveil the influence of different system parame-
ters on the voltage output response of the HWPEH. Since the HWPEH comprises a GPEH and
a VIVPEH, the two components are still referred to as the GPEH and the VIVPEH, though their
aerodynamics should differ from their original ones when working independently.

3.1. Effect of Mass

Figure 2a shows the change in the voltage output response of the GPEH-Component
by varying M4, which is the mass of the square-sectioned bluff body. With the increase
in My, the output of the GPEH first decreases and then increases. At low wind speeds,
as shown in the blue box in the figure, the output voltage at M4 =10 g, M4 =20 g, and
My, =30 g is considerably large. When M, is 20 g, there is an obvious drop point at point
A, after which the voltage output rises steadily again. Figure 2b shows the change in the
voltage output response of the GPEH-Component by varying Mp, which is the mass of the
cylinder bluff body. With the increase in Mg, the voltage output from the GPEH-Component
decreases. Similar to the phenomenon in Figure 2a, when Mg is 2 g, the output voltage
from the GPEH-Component has an obvious drop at point B. Figure 2c demonstrates how
the voltage output response of the VIVPEH-Component varies with the change in My4. In
the case of M4 =10 g, the output from the VIVPEH-Component is significantly large. When
M4 exceeds 20 g, the voltage output becomes remarkably smaller. For the three four cases,
ie, My = 30,40, and 50 g, the output of the VIVPEH-Component is almost unchanged and
tends to be stable. When M, is 60 g, the locking interval of VIV is slightly changed. At
point C, it drops in advance and tends to be stable. Figure 2d reveals the variation of the
voltage output from the VIVPEH-Component in response to the change in Mp. When Mp
is small, the output voltage is small, but when Mp is increased to 7, 8, and 9 g, the output
voltage increases remarkably.

3.2. Effect of Stiffness

Figure 3 presents the voltage output curves of the HWPEH as functions of the stiff-
nesses. Figure 3a shows the voltage outputs from the GPEH-Component for different
K4. The whole wind speed range can be divided into three regions. In region I, when
K4 =80 N/m, the GPEH voltage is approximately 90V, while when K4 = 10 N/m, there is
almost no output voltage. With the increase in output voltage, the cut-in wind speed de-
creases significantly. In region 1II, as the stiffness increases, the slope of the curve decreases.
For example, the curve corresponding to K4 = 10 N/m has a larger output slope, and the
output voltage increases rapidly with the wind speed. Within region II, the voltage output
may not monotonically increase with the wind speed, such as in the case of K4 =70 N/m.
Region III corresponds to the high wind speed range. Over this wind speed range, the
voltage output steadily increases with the increase in the wind speed. Figure 3b shows the
voltage outputs from the GPEH-Component for different Kp. It can be seen in Figure 3b that
increasing Kp will raise the cut-in wind speed and reduces the output voltage. Figure 3c
depicts the influence of K4 on the VIVPEH output. The output voltage increases drastically
when Ky is tuned to 80 N/m. In other cases, the changes are small. The curves for the
cases of 70 and 80 N/m exhibit slight drop points at wind speeds between 3 and 4 m/s,
respectively. In Figure 3d, with the increase in Kp, the cut-in wind speed increases obviously,
and its locking interval is shortened first and then widened.
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Figure 2. Effects of masses on the voltage of the HWPEH (K4 = 52.01 N/m; Kp = 9.894 N/m;
C4 =0.0121 N/(m/s); C4 =0.0121 N/(m/s); Kc =5 N/m): (a) Mp on GPEH; (b) Mg on GPEH;
(c) Ma on VIVPEH; (d) My on VIVPEH.

3.3. Effect of Damping Coefficient

By changing the wind speed, Figure 4 demonstrates the variations of the HWPEH
voltage output in response to different damping coefficients. Figure 4a,c illustrate the
effects of C4 on the GPEH- and VIVPEH-Components. As C4 increases, the voltage
outputs of both components decrease. When the damping coefficient is larger, for example,
Ca =0.02N/(m/s), the cut-in wind speed will increase to a certain level. As shown in
Figure 4b, the influence of Cp on the GPEH output voltage is mainly reflected in the cut-in
wind speed. With the increase in Cg, the cut-in wind speed of the GPEH-Component
decreases obviously, but the output voltage becomes higher at low wind speeds. In
Figure 4d, when Cp increases, the output voltage from the VIVPEH decreases, the cut-in
wind speed increases, and the locking interval shrinks.



Symmetry 2022, 14, 2601

90f17

GPEH-Component Voltage (V)

(c)

VIVPEH-Component Voltage (V)

(b)
250 4 K,=10N/m K,=30N/m K=$N/m Ky=11N/m
K,=50N/m K,=60N/m 100 K,=14N/m Ky=17N/m
2259 |-, K,=70N/m = K,=80N/m I K,=20N/m Ky=23N/m
2007 352m/s Z W
o 80
175 4 1.93m/s én
150 4 / “ Pt g
I Tae = 60+
125 4 e 2
100 et )
T ™ £ a0
754" g Q
4 - = E
50 > a0
] IS il SN > O
e pe - » . >
PAR D L4
0 - T r 0 T r ]
1 2 3 4 1 2 3 5
Wind Speed (m/s) Wind Speed (m/s)
(d)
150 K,~10N/m K ,—=30N/m| Kg=5N/m Kg=9N/m
K,=50N/m K ,~60N/m| 259 e Kp=13Nim Ky=15N/m
— > =K, =70N/m e K, ~80N/m ——K=17N/m K=19N/m
*" 9
L ® -
P et 9020_
- -
; e g
100 e =
ot s
. 5
o §
g
8 IO —
50 | Q
a .
=
= 54
O T S a2 Y "»,,,.—>" = 0
| . »— .. ] e »>
.-
0 T T T , -
1 2 3 4 5 0 ]

Wind Speed (m/s)

Wind Speed (m/s)

Figure 3. Effects of stiffness on the voltage of the HWPEH (M4 = 28.16 g; Mp = 4316 g;
C4 =0.0121 N/(m/s); C4 = 0.0121 N/(m/s); Kc =5 N/m): (a) Ko on GPEH; (b) Kz on GPEH;
(¢) Ka on VIVPEH; (d) Kg on VIVPEH.

3.4. Discussion on the Parametric Studies

Figure 5 presents the phase diagram of the bluff body velocity relative to the voltage
output when the wind speed is 3 m/s. The trajectory starts at the center of the HWPEH
and gradually spirals into the dark outer ring, indicating a limit cycle. As time approaches
infinity, the trajectory spirals into to this limit cycle, suggesting the limit cycle is stable. In
addition, due to the coupling effect of the two structures, it takes a longer time for the two
components of the HWPEH to reach the stable limit-cycle oscillation, the trajectory patterns
in Figure 5b,d are dense.

Figure 6 illustrates the time-domain waveforms of the harvester. Compared with the
traditional harvesters, it took a longer time for the two components of the HWPEH to reach
steady state. This result agrees with the deduction based on the phase plot in Figure 5. The
traditional GPEH achieves its stable output when t = 20 s, while the GPEH-Component
starts to produce a constant output until t = 41 s. Similarly, it takes 6 s for the traditional
VIVPEH and 36 s for VIVPEH-Component to reach their steady state.
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Figure 4. Effects of damping coefficient on the voltage of the HWPEH (M4 =28.16 g; Mp =4.316 g;
K4 =52.01 N/m; Kg =9.894 N/m; K- =5N/m): (a) C4 on GPEH; (b) Cg on GPEH; (¢) C4 on VIVPEH;
(d) Cy on VIVPEH.

Figure 7 presents the Fast Fourier transform (FFT) results of the steady-state responses
of the traditional GPEH, VIVPEH, and the proposed HWPEH at a wind speed of 3 or 6 m/s.
It can be found in the first column of Figure 7 that when U = 3 m/s, the voltage outputs
from the two components of the HWPEH are larger than the outputs of the traditional
GPEH and VIVPEH. Moreover, traditional GPEH and VIVPEH only have one frequency
component, while the HWPEH responses contain two frequency components since the
HWPEH a 2DOF system. However, when U is increased to 6 m/s, the situation changes as
revealed in Figure 7b,d. The voltage outputs from the HWPEH become slightly smaller
than the traditional GPEH and VIVPEH, which cannot take place at U = 6 m/s. The second
resonant mode of the HWPEH is not activated since the FFT result contains only a single
frequency component.
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Figure 5. Phase portrait (U = 3 m/s): (a) traditional GPEH; (b) GPEH-Component of the HWPEH;
(c) traditional VIVPEH; (d) VIVPEH-Component of the HWPEH.

By tuning the system parameters, the proposed HWPEH may exhibit three types of
dynamic characteristics. The first type is shown in Figure 8a,b, where the cut-in wind speed
of the traditional VIVPEH is lower than that of the traditional GPEH. After the combination,
the cut-in wind speed of the HWPEH is as low as that of the traditional VIVPEH. The
voltage outputs of the two components of the HWPEH are larger than the traditional GPEH
and VIVPEH. The second type is shown in Figure 8c,d. The cut-in wind speeds of the
traditional VIVPEH and GPEH are approximately the same. After coupling them to form
the HWPEH, a valley appears on the response curve of the GPEH-Component. At high
wind speeds, the HWPEH outperforms both the traditional VIVPEH and GPEH. Figure 8e,f
present the third type response. The cut-in wind speed of the traditional VIVPEH is larger
than that of the traditional GPEH. In this case, the cut-in wind speed of the HWPEH
is almost the same as that of the traditional GPEH. In terms of the voltage output, the
GPEH-Component of the HWPEH produces slightly higher outputs than the traditional
GPEH, except over a certain small range of low wind speeds. The VIVPEH-Component of
the HWPEH outperforms the traditional VIVPEH significantly.
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Figure 6. The time-domain waveforms of the harvester (U = 3 m/s): (a) traditional GPEH; (b) GPEH-
Component of the HWPEH; (c) traditional VIVPEH; (d) VIVPEH-Component of the HWPEH.

The influence of the connection spring stiffness (K¢) on the HWPEH is shown in
Figure 9. With the increase in K¢, the cut-in wind speed of the GPEH-Component increases
and tends to be stable. At high wind speeds, the vibration displacement of the GPEH-
Component first rises and then stabilizes at approximately 50 mm. For the VIVPEH-
Component, the displacement increases with the increase in K¢, and the peak moves to the
high wind speed direction. At the same time, the locking interval is significantly widened.
As shown by the arrow in the figure, when the spring stiffness is 27 N/m, the displacements
of both components suddenly drop.
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Figure 7. Fast Fourier transform (FFT) of the steady-state response: (a) traditional GPEH versus
GPEH-Component of the HWPEH at U = 3 m/s; (b) traditional GPEH versus GPEH-Component of
the HWPEH at U = 6 m/s; (c) traditional VIVPEH versus VIVPEH-Component of the HWPEH at
U =3 m/s; (d) traditional VIVPEH versus VIVPEH-Component of the HWPEH at U = 6 m/s.
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Figure 8. The displacement of three HWPEH conditions: (a) traditional GPEH versus GPEH-
Component of the HWPEH when the cut-in wind speed of traditional VPEH is lower than that
of the traditional GPEH. (b) Traditional VPEH versus VIVPEH-Component of the HWPEH when
the cut-in wind speed of traditional VPEH is lower than that of the traditional GPEH. (c) Traditional
GPEH versus GPEH-Component of the HWPEH when the cut-in wind speed of traditional VPEH and
traditional GPEH are approximately the same. (d) Traditional VPEH versus VPEH-Component of the
HWPEH when the cut-in wind speed of traditional VPEH and traditional GPEH are approximately
the same. (e) Traditional GPEH versus GPEH-Component of the HWPEH when the cut-in wind
speed of traditional VPEH is higher than that of the traditional GPEH. (f) Traditional VPEH versus
VPEH-Component of the HWPEH when the cut-in wind speed of traditional VPEH is higher than
that of the traditional GPEH.
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4. Impedance Matching Analysis

To study the influence of the resistive load on the performance of the energy harvester,
the power, which is defined by the below formula, is evaluated:

V2

p
R

(17)

Figure 10 depicts the effects of the resistive load on the HWPEH. Figure 10a shows that
the output voltage of the GPEH-Component first increases and then tends to saturate as Ry
keeps increasing. Figure 10b illustrates that with the increase in R4, the power of the GPEH-
Component first increases and then decreases, and the peak is attained at approximately
R4 = 0.2 MQ), which is the optimal resistance. From Figure 10c, it is noted that the output
voltage of the VIVPEH-Component increases monotonically with the increase in its shunt
resistance Rp, which is similar to the phenomenon in Figure 10a. However, Figure 10d
shows that under the same wind speed, the power output produced by the VIVPEH-
Component first increases and then decreases. It can be identified that the optimal resistive
load of the VIVPEH-Component is approximately 1.95 MQ).
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Figure 10. Effects of the resistive load on the output of the HWPEH under different wind speeds:
(a) Rp on GPEH voltage; (b) R on GPEH average power; (c) Rg on VPEH voltage; (d) Rg on VPEH
average power.

5. Conclusions

In this paper, we have proposed a hybrid wind energy harvester that is realized by
mechanically coupling a traditional GPEH and a traditional VIVPEH. This harvester has
a low cut-in wind speed as with the traditional VIVPEH and a broad power generation
bandwidth as with the traditional GPEH. We have analyzed the dynamics and the power
generation performance of the HWPEH numerically. Additionally, the influences of me-



Symmetry 2022, 14, 2601 16 of 17

chanical parameters on the proposed HWPEH have been analyzed. The masses have a
great influence on the voltage and cut-in wind speed. The stiffness affect the voltage rise
slope and the working bandwidth of VPEH. The influences of damping coefficient are
mainly reflected in the change in the cut-in wind speed. In terms of electrical parameters,
increasing the resistive loads increases the voltage outputs of both components of the
HWPEH. However, peaks are attained on the power curves when the shunt loads are
tuned to the optimal resistances. In general, if the system parameters are well tuned, the
bandwidth of the VIVPEH-Component increases significantly, and the cut-wind speed of
both the GPEH- and VIVPEH-Components can be reduced.
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