
 
 
 
 

Heriot-Watt University 
Research Gateway 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 

High-performance piezoelectric wind energy harvester with Y-
shaped attachments

Citation for published version:
Wang, J, Zhou, S, Zhang, Z & Yurchenko, D 2019, 'High-performance piezoelectric wind energy harvester
with Y-shaped attachments', Energy Conversion and Management, vol. 181, pp. 645-652.
https://doi.org/10.1016/j.enconman.2018.12.034

Digital Object Identifier (DOI):
10.1016/j.enconman.2018.12.034

Link:
Link to publication record in Heriot-Watt Research Portal

Document Version:
Peer reviewed version

Published In:
Energy Conversion and Management

General rights
Copyright for the publications made accessible via Heriot-Watt Research Portal is retained by the author(s) and /
or other copyright owners and it is a condition of accessing these publications that users recognise and abide by
the legal requirements associated with these rights.

Take down policy
Heriot-Watt University has made every reasonable effort to ensure that the content in Heriot-Watt Research
Portal complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact open.access@hw.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 23. May. 2023

https://doi.org/10.1016/j.enconman.2018.12.034
https://doi.org/10.1016/j.enconman.2018.12.034
https://researchportal.hw.ac.uk/en/publications/b67899ee-4cca-401a-a949-80710f40b65d


High-performance piezoelectric wind energy harvester with Y-shaped 1 

attachments  2 

 3 

 4 

Abstract: In order to improve wind energy harvesting performance, this paper designs a 5 

novel high-performance piezoelectric wind energy harvester with Y-shaped attachments on 6 

the bluff body (GPEH-Y). When Y-shaped attachments are removed from the bluff body, the 7 

vortex-induced vibration piezoelectric energy harvester (VIVPEH) will be obtained. The 8 

Lattice-Boltzmann CFD method (LBM) is used to analyze the vibration amplitude and 9 

frequency, which confirms the transition from vortex induced vibration to galloping. The 10 

transition from vortex induced vibrations into galloping by adding Y-shaped attachments to 11 

the bluff body is further verified by experiments. A theoretical model of the GPEH-Y is 12 

presented to analyze its energy harvesting performance. A set of the wind tunnel tests is 13 

conducted to validate the presented GPEH-Y. The performance of piezoelectric wind energy 14 

harvesters with or without Y-shaped attachments is specifically compared. One advantage of 15 

the design is that the GPEH-Y and the VIVPEH can be easily obtained. The experimental 16 

output power of the VIVPEH is 0.13225 mW at 1.495 m/s. The output power of the GPEH-Y 17 

is in direct proportion to the wind speed, and experimental maximum value is 1.19025 mW at 18 

2.098 m/s. The presented design can switch the VIVPEH into the GPEH, and thus enhance 19 

wind energy harvesting.  20 

Keywords: Piezoelectric Energy harvesting; Y-shaped attachments; galloping; CFD analysis; 21 

vortex induced vibration. 22 

 23 



1. Introduction 24 

Non-renewable energy resources like fossil fuels have been gradually consumed all over 25 

the world in the past few decades. Recently, renewable energy harvesting technology has been 26 

promoted to make up the problem of energy shortage. Over the past two decades, wireless 27 

sensor networks (WSNs) have been widely used and distributed in the world. Designing 28 

suitable energy harvesters to power WSNs has attracted attentions from the researchers [1-3]. 29 

In principle, ambient vibrations energy could be converted into usable electric energy 30 

considering a piezoelectric effect [4-6], electromagnetic induction [7, 8], electrostatic 31 

induction [9], triboelectric effect [10], and so on. Meanwhile, advanced nonlinear techniques 32 

including internal resonance mechanism [11, 12], bistable mechanism [13-16] and tristable 33 

mechanism [17, 18] were employed to improve energy harvesting performance. 34 

In addition, there exists plentiful wind energy in the natural environment, which can be 35 

transformed into mechanical vibrations energy for harvesting based on fluid-solid coupling 36 

mechanism [19, 20]. Researchers have developed efficient wind energy harvesters via 37 

nonlinear mechanisms including flutter [21] and galloping [22-24] energy harvesters, and 38 

linear resonance-based energy harvesters induced by vortex shedding [25, 26] and buffeting 39 

energy harvesters [27, 28]. In principle, the flutter phenomenon of flutter-based energy 40 

harvesters happens when the two modal resonant frequencies of torsion and bending modes 41 

coalesce with each other. The vortex-induced vibration piezoelectric energy harvester 42 

(VIVPEH) can efficiently work due to another type of self-excited vibrations caused by the 43 

vortex shedding frequency (when it is nearby a natural frequency of the mechanical structure). 44 

Therefore, the VIVPEH with a suitable structural design can match well the low-speed wind 45 

flows and work well within a given wind speed range. Galloping-based piezoelectric energy 46 

harvester (GPEH) could also be categorized as a part of movement-induced aeroelastic energy 47 

harvesters, which can sustainably output large-amplitude voltage when the wind speed is 48 

higher than a threshold value. The output power keeps increasing value and will not reduce 49 

along with the increase of the wind speed. 50 

Currently, most piezoelectric wind energy harvesters have a host structure of a cantilever 51 

beam. They can be equivalent to electromechanical coupled mass-damping-spring systems. 52 



The theoretical model for a cantilever-based energy harvester under a base excitation, derived 53 

by Erturk and Inman [5] can be modified to describe a cantilever-based wind energy harvester. 54 

Design and experimental studyof a flutter-based aeroelastic energy harvester was originally 55 

proposed by Bryant and Garcia [29] where the harvester limit cycle oscillations were 56 

observed at wind speeds above a critical value. Akaydin et al. [30] experimentally obtained a 57 

peak power of 0.1 mW from a VIVPEH at wind speed of 1.192 m/s. Goushcha et al. [31] 58 

explored the driving mechanism of the VIVPEH by using particle image velocimetry. He et al. 59 

[32] investigated the mechanism of transitionbetween the galloping motion and VIV 60 

phenomenon in a low-speed wind tunnel test. Zhang et al. [33] studied the vortex-induced 61 

vibrations and wake-induced vibration energy harvesting via wind tunnel tests. Recently, 62 

Zhang et al. [34] explored the influence of a fixed cylinder on the energy harvesting 63 

performance of a VIV energy harvester, and verified the enhanced performance with the 64 

experimental results. As a summary, the VIV phenomenon usually occurs when a smooth 65 

cylindrical bluff body is equipped, even at a high mass ratio or a low damping ratio.  66 

For a quite low mass ratio, the bluff body with a corner structure may easily cause the 67 

system to engage into galloping motions. For promoting the development of the GPEH, 68 

Abdelkefi et al. [22] firstly derived and experimentally verified the distributed-parameter 69 

model for the GPEH. Zhao and Yang [35] explored the effects of load resistance, wind 70 

exposure area of the bluff body, mass of the bluff body and length of the piezoelectric sheets 71 

on the power output of the GPEH. Kwon [36] found that the T-shaped cantilever 72 

configuration could effectively reduce the cut-in wind speed of the GPEH. Zhu [37] and 73 

Barrero-Gil et al. [38] studied the H-shaped, D-shaped and Triangular-shaped bluff bodies on 74 

energy harvesting performance. Later, Tang et al. [39] used a comprehensive equivalent 75 

circuit method (ECM) of the GPEH with a square cylindrical bluff body  with both the AC 76 

and DC circuit.  77 

For improving and optimizing the bluff body of wind energy harvesters, Wang et al. [28] 78 

numerically investigated the synchronization phenomenon of a wind energy harvester 79 

attached to a bluff body with a coarse surface. They found that the coarse surface can 80 

efficiently change the flow stability of the flow-induced vibrations and arouse a nonlinear air 81 

dynamic force on the bluff body, which transfers the harvester from a vortex-induced motion 82 



into a galloping motion that is benefitial for energy harvesting. In addition, Hu et al. [40] put 83 

two rods on a smooth cylinder bluff body in a VIVPEH, and the transition from a 84 

vortex-induced motion into a galloping motion was experimentally found when the two rods 85 

were arranged at 60 degrees. Liu et al. [41] designed a wind energy harvester with a Y-typed 86 

three-blade bluff body, and they experimentally confirmed that this three-blade structure can 87 

achieve much higher energy output than a square prism. It indicated that the blade structure 88 

could effectively arouse galloping at low wind speeds. However, there is a lack of 89 

comprehensive studies on the mechanism of converting a vortex-induced motion of a 90 

structure into a galloping motion by the aerodynamic analysis. Meanwhile, investigating a 91 

new design of a  wind energy harvester is interesting and necessary to promote their real 92 

applications. 93 

For enhancing energy harvesting performance, this paper designs an innovative GPEH with 94 

Y-shaped attachments (GPEH-Y) on the bluff body cylinder which is an important part of the 95 

traditional VIVPEH. In Section 2, the design and prototype are presented. In Section 3, a 96 

comprehensive investigation of coming from the VIVPEH to the GPEH-Y is carried out by 97 

using a Lattice-Boltzmann CFD method. In Section 4, a theoretical model is provided for the 98 

presented GPEH-Y. In Section 5, wind tunnel experiments are discussed to validate the design 99 

and theoretical analysis. Conclusions are presented and summarized at last.  100 

 101 

2. Design and prototype of the GPEH-Y  102 

Inspired by the Y-typed three-blade bluff body design [40] and the design of a smooth 103 

cylinder bluff body with two rods [41], we present the concept of the GPEH with Y-shaped 104 

attachments (GPEH-Y), as its schematic diagram shown in Fig. 1, and itcan be viewed as a 105 

single-degree of freedom system (1DOF). The equivalent mass Meff is determined by the mass 106 

of the smooth cylinder, the Y-shaped attachments and the piezoelectric cantilever. The 107 

effective damping Ceff and  effective stiffness Keff can be obtained from experimental 108 

measurements. In detail, the damping ratio ζ can be measured from the logarithmic decrement 109 

technique and thus the effective damping Ceff is determined by Ceff = 2ζωnMeff (ωn is the natural 110 

resonant frequency). The elastic effective stiffness Keff is determined by Keff = ωn
2Meff, the 111 



resonant frequency ωn can be obtained from the free decay test. The Y-shaped attachments are 112 

symmetrically distributed 60° with the center line of the circular cylinder to arouse galloping 113 

motions [40]. Note that an added mass which has the same weight as the Y-shaped 114 

attachments is equipped on the smooth cylinder (bluff body) of the VIVPEH for the fair 115 

comparison. 116 

 117 

Fig. 1. Schematic diagram of the GPEH-Y: (a) Equivalent schematic diagram; (b) physical 118 

diagram in the wind tunnel test. 119 

 120 

The fabricated prototype of the GPEH-Y is shown in Fig. 2. The Y-shaped attachments 121 

are made of polylactic acid (PLA) material fabricated by a 3-D printer and stuck on the bluff 122 

body. The bluff body is fixed with a cantilever made of pure aluminum and set perpendicular 123 

to the cantilever. The frontal characteristic dimension of the bluff body is set as 0.032 m, 124 

operating wind speed is beyond 1.5 m/s, and kinematic viscosity is  
51.5 10  under the 125 

indoor temperature (about 20C). The aluminum cantilever is bonded with a piece of MFC 126 

piezoelectric material with the capacitance CP of 15.7 nF.  127 

 128 

Fig. 2. Fabricated prototype of the GPEH-Y installed in the wind tunnel. 129 



3. Mechanism analysis based on CFD  130 

This section mainly focuses on exploring the influence mechanism of Y-shaped 131 

attachments on the aerodynamic characteristics of the GPEH-Y. Recently, Liu et al. [41] used 132 

the CFD method to solve the pressure distribution around the Y-type blades. Zhou and Wang 133 

[26] obtained the pressure distribution of dual vortex induced vibration energy harvesters by 134 

using the Lattice-Boltzmann CFD method (LBM). This study also employs the LBM to reveal 135 

the fluid-structure interaction mechanism of the smooth cylinder bluff body with and without 136 

Y-shaped attachments to verify the theoretical passage from VIV to galloping when Y-shaped 137 

attachments are equipped.  138 

Fig. 3 (a) and (b) demonstrate the vibration amplitudes and frequencies versus the wind 139 

speed U of the GPEH-Y and  VIVPEH. Firstly, the numerical results via CFD confirm that 140 

the vibration amplitude of the VIVPEH can be divided into three regions: pre-synchronization 141 

region, lock-in region and post-synchronization region [42]. Simultaneously, the vibration 142 

amplitude of the GPEH-Y is sequentially increasing along with the increase of U, as shown in 143 

Fig. 3 (a). The threshold wind speed Ucr of the GPEH-Y is about 1.3 m/s. The maximum 144 

vibrations amplitude of the GPEH-Y is about 6 D (D is the diameter of the cylinder of the 145 

harvester) in the highest tested wind speed of U = 1.8 m/s. In addition, the maximum 146 

vibrations amplitude of the VIVPEH is only about 1.8 D at U = 1.2 m/s. Fig. 3 (b) shows that 147 

the vibrational frequency of the GPEH-Y is about 5.05 Hz when the wind speed is larger than 148 

Ucr due to the galloping phenomenon. On the contrary, the vibrational frequency of the 149 

VIVPEH is locked on the resonant frequency in the lock-in region, and becomes larger in the 150 

pre-synchronization region. From above analysis, it can be concluded that Y-shaped 151 

attachments induce the harvester to shift the operational mode from the VIVPEH to the GPEH. 152 

For piezoelectric energy harvesting, the vibrations amplitude plays an important role in the 153 

output power [5, 43]. In addition, Zhou and Wang [26] expressed the relationship between the 154 

vibrations amplitude and the power output. The larger amplitude leads to the higher output 155 

voltage based on the piezoelectric effect, therefore, this design improves the energy 156 

harvesting performance. 157 



 158 

Fig. 3. Numerical results of galloping and vortex induced vibration versus the wind speed U 159 

via CFD: (a) nondimensional vibrations amplitude; (b) nondimensional vibrations frequency. 160 

 161 

For further confirming above conclusion, Figs. 4-7 visually analyze the flow patterns of 162 

both types of energy harvesters versus different wind speeds. From the results shown in Figs. 163 

4 and 5, it can be seen that the maximum vibrations amplitude of the GPEH-Y is lower than 164 

that of the VIVPEH when the wind speed is lower than U = 1.2 m/s. The reason is that in the 165 

present operating condition, the lock-in phenomenon is occurring for the VIVPEH and the 166 

corresponding vibrations amplitude is quite high (ymax = 1.8 D). Meanwhile, the GPEH-Y just 167 

enters into galloping at U = 1.2 m/s, which is slightly higher than the threshold galloping 168 

speed. The observed maximum vibrational amplitude of the GPEH-Y is ymax = 1 D. The 169 

vibrations amplitude of the GPEH-Y is lower than that of the VIVPEH within the low wind 170 

speed range. On the other hand, for both the VIVPEH and  GPEH-Y, the vortex shedding 171 

patterns are found as the “P+S” mode shown in Ref. [42]. Therefore, the vibration of the 172 

GPEH-Y (though it is in galloping) is not very strong and the vortex shedding pattern is 173 

similar to the VIVPEH at the low wind speed range.  174 



 175 

Fig. 4. Comprehensive view of a whole vibration period for the GPEH-Y at U = 1.2 m/s.  176 

 177 

 178 

Fig. 5. Comprehensive view of a whole vibration period for the VIVPEH at U = 1.2 m/s. 179 

 180 

It can be demonstrated from Fig. 3 that the VIVPEH is separated from the lock-in region 181 

at U = 1.5 m/s. However, the amplitude of vibrations of the GPEH-Y is much larger than the 182 

VIVPEH when the wind speed is higher than 1.5 m/s. As U is increased to 1.8 m/s, the 183 

comprehensive view of the GPEH-Y and VIVPEH are respectively shown in Fig. 6 and Fig. 7. 184 

The vibrations amplitude of the VIVPEH is very small (ymax = 0.3 D) because the vortex 185 

induced vibrations will shiftfrom the lock-in region into the post-sychronization region. At U 186 

= 1.8 m/s, the vortex shedding pattern of the GPEH-Y in Fig. 6 is quite different from Fig. 4. 187 



The vortex behind the object  is broken by the strong movement of the bluff body and the 188 

vortex shedding becomes quite disordered. In addition, since the vibration of the VIVPEH 189 

enters to the post-synchronization region, a “2S” pattern appears. Meanwhile, the vibrations 190 

amplitude of the GPEH-Y is much larger than the VIVPEH at U = 1.8 m/s. 191 

Therefore, due to the installation of the Y-shaped attachments, the motion of the energy 192 

harvesting system is shifted from the VIVPEH into the GPEH mode. This has a beneficial 193 

effect onto the wind energy harvesting from a wide wind speed range point of view. 194 

 195 

Fig. 6. Comprehensive view of a whole vibrations period for the GPEH-Y at U = 1.8 m/s.  196 

 197 

 198 

Fig. 7. Comprehensive view of a whole vibration period for the VIVPEH at U = 1.8 m/s.  199 

 200 



4. Aero-electromechanical governing model of the GPEH-Y 201 

In the previous section, the GPEH-Y is verified to have galloping characteristics. We will 202 

construct its aero-electromechanical coupled  governing equations in this section. It is well 203 

known that the GPEH has an electromechanical governing model associated with its 204 

geometric dimension and material properties. The relative displacement of the cantilever 205 

beam in the GPEH-Y y(x, t) in the physical coordinates can be written as the combination of 206 

the mode shape ( )i x  and the modal coordinates ( )t , as follows: 207 

1

( , ) ( ) ( )
n

i i

i

y x t x t 


                                   (1) 208 

The first vibration mode of piezoelectric energy harvesters was theoretically and 209 

experimentally verified to play an overwhelming role in vibration energy harvesting [43, 44]. 210 

Therefore, only the first vibration mode can be considered. Based on Euler-Bernoulli beam 211 

theory, Kirchhoff's law, piezoelectric effect, galloping self-induced vibration, etc, a simplified  212 

distributed parameters model of the GPEH-Y can be obtained. Hereafter, the subscript of the 213 

mode shape and the modal coordinates will be removed. The electromechanical governing 214 

equations are reduced to only include the first vibrational mode of the energy harvester. Based 215 

on the above derivation, the electromechanical governing equations in the first-order modal 216 

coordinates are obtained, as follows [35]:                              217 
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220 

where η is the model coordinate; ζ is the mechanical damping ratio; ωn is the natural 221 

frequency; Cp is the total capacitance; θ is the equivalent electromechanical coefficient 222 



defined as:  2 2

on sn eff pM C     (ωon and ωsn are respectively the open-circuit and 223 

short-circuit natural frequency of the piezoelectric layer, and they can be separately measured 224 

from the free-decay test by a laser displacement sensor device); V is the output voltage; I is 225 

the current flow; fgalloping is the aerodynamic force; Ai are empirical coefficients for the 226 

aerodynamic force calculation; ρa, h, and ltip are air density, the frontal dimension, and the 227 

length of the bluff body, respectively.  228 

Here, only the first mode is considered and the lumped parameters model could be 229 

derived by utilizing the effective parameters: the effective mass, damping and spring 230 

coefficient are respectively defined as Meff = 1/ ϕ2(Lcan); Ceff = 2ζωn/ ϕ2(Lcan); Keff = ωn
2/ 231 

ϕ2(Lcan); κ = θ/ ϕ(Lcan); y = ϕ(Lcan) η . The distributed parameters model can be rewritten as:   

                               

232 
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233 

0pI C V y                                   (6)

 

234 

Based on the above theories and experimental measurement, model parameters can be 235 

obtained. Fig. 8 shows the simulation results based on Eqs. (5) and (6) to predict the response 236 

of the GPEH-Y. For galloping based energy harvester, both the output voltage and the output 237 

power are increasing along with the increase of the wind speed. Meanwhile, the numerical 238 

criticalwind speed Ucr of the GPEH-Y is around 1.32 m/s. The output voltage could reach 239 

58.1 V for R = 3 MΩ, as shown in Fig. 8 (a), as the output voltage is proportional to R. The 240 

output power area may stand for the energy harvesting capacity of a harvester and it can be 241 

defined as  2

1

2

V / 2 /
U

amplitude
U

RdU . The maximum output power (about 0.576 mW) occurs at R 242 

= 2.006 MΩ as shown in Fig. 8 (b). The numerical optimum load is quite close to the 243 

theoretical computational value which can be defined as [44, 45] 1
opt

n p

R
C

 .    244 

Table. 1 Parameter values of the GPEH-Y 245 

Properties Value 

Mcyl 2.42 g 

My-shape 6.28 g 

Meff 11.04 g 



fon 

fsn 

5.052 Hz 

5.045 Hz 

Ceff 0.0212 N/(m/s) 

Keff 8.816 N/m 

θ 

Cp 

1.9758×10-5 N/V 

15.7 nF 

         246 

 247 

Fig. 8. Numerical simulation the GPEH-Y with different load resistance: (a) output 248 

voltage; (b) output power. 249 

 250 

5. Experimental verification 

251 

Results of the experimental validation are shown in Fig. 9. A round-sectioned wind 252 

tunnel with a diameter of 400 mm was used to produce the incoming wind. In order to 253 

stabilize the incoming wind, a honey comb structure was equipped in the wind tunnel. A 254 

hot-wire anemometer (Testo Co., USA) was used to measure the wind speed. A pure 255 

aluminum substrate with dimensions of 200 25 0.6 mm3 and A MFC-2807P2 (Smart 256 

Material Corp., Germany) piezoelectric patch connected on the root of the metal substrate 257 

cantilever with dimensions of 37110.3 mm3 were formed into the piezoelectric cantilever. 258 

Electrical load resistance (RL) was conjoined with the piezoelectric cantilever. The voltage 259 

output was measured by the digital oscilloscope. The vibrations amplitude was measured by a 260 

HG-C1400 laser displacement sensor (Panasonic., Japan). 261 



 262 

Fig. 9. Experimental setup: (a) and (b) wind energy harvesting system in the wind tunnel; (c) 263 

the laser displacement sensor; (d) the data acquisition system. 264 

 265 

5.1 Validation of the aero-electromechanical model 266 

 267 

Fig. 10. Numerical and experimental output voltage. 268 

 269 

To validate the presented theoretical model of the GPEH-Y, the real experiments in the 270 

wind tunnel were carried out under different wind speeds. Fig. 10 compares the results of a 271 

numerical simulation with the experimental results in an open-circuit condition. It was found 272 

that the output voltage of the GPEH-Y increased along with the increase of the wind speed. 273 

When the wind speed was low, the GPEH-Y just entered into the galloping region. The 274 

experimental output voltage was slightly higher than that in the simulation in this case, 275 



however, the experimental output voltage was a little lower than that in the simulation at the 276 

large wind speed range. Overall, the simulations from the theoretical model have a good 277 

agreement with experimental measurements. 278 

  279 

Fig. 11. Numerical and experimental output voltage of the GPEH-Y: (a) U = 1.687 m/s; 280 

(b) U = 1.961 m/s.  281 

 282 

We further compare the time-domain voltage output results from the theoretical model 283 

and experiments, as shown in Fig. 11. As compared to the experimental results, the 284 

discrepancy becomes significant at the higher wind speed values, which is also reflected in 285 

Fig. 10. The probable reason for the increased discrepancy is that the aerodynamic force of 286 

galloping in the theoretical model is established with the assumption of a small angle of attack 287 

and the empirical aerodynamic coefficients of the polynomial function of fgalloping (Ai , . . .). In 288 

general, the theoretical model predicts a very similar trend of responses as observed in 289 

experiments for the tested wind speed range. It should be emphasized that the discrepancy 290 

comes from the expression of the aerodynamic force rather than the presented theoretical 291 

model. 292 

5.2 Enhanced performance of the GPEH-Y 293 

Experimental comparison of the GPEH-Y, VIVPEH and GPEH with square-shaped 294 

attachments (GPEH-Square) is shown in Fig. 12. For the GPEH-Y, galloping occurs when U 295 

is higher than the threshold value Ucr. Both the output voltage and the output power increase 296 

along with the increase of U. The threshold speed Ucr is experimentally measured around 1.32 297 

m/s. For the VIVPEH, when the wind speed is increased, the output voltage and the output 298 

power firstly get increased to the lock-in status and the vibrational frequency is locked at the 299 



natural frequency value. During the lock-in region (1.2 m/s – 1.4 m/s as shown in Fig. 12), 300 

the vibrational frequency is locked at a fixed value even when the wind speed increases. The 301 

vibrations amplitude during the lock-in region is much higher than that at the other two 302 

regions. The vibrational frequency increases with a higher U after the lock-in region, which is 303 

then dominant by the vortex shedding effect. Note that the VIVPEH enters into the lock-in 304 

region earlier than the GPEH-Y and the GPEH-Square. However, when U reaches a higher 305 

value, the vibration of the VIVPEH shifts from lock-in region to the post-synchronization 306 

region. Meanwhile, both the GPEH-Y and the GPEH-Square start to perform better than the 307 

VIVPEH. Fig.13 further compares the time-domain voltage output of the GPEH-Y, the 308 

GPEH-Square and the VIVPEH with different load resistances. From Fig. 13, the maximum 309 

voltage output of GPEHs is rising with the load resistance. In addition, it is found that the 310 

GPEH-Y is obviously performing better than the GPEH-Square which was the currently best 311 

design of galloping energy harvesters. Assuming that the work region of the wind speed is 312 

within the scope of U≤2 m/s, the largest output voltage of the GPEH-Y is about 300% greater 313 

than the VIVPEH which is in the lock-in region. The maximum output power of the former is 314 

about 400% greater than the latter. Nevertheless, the VIVPEH has a lower effective working 315 

region (0.85 m/s≤U≤1.42 m/s) than the GPEH-Y (U ≥1.28 m/s). The other finding is that the 316 

designed harvester can be flexibly adjusted to adapt the wind speed region in various 317 

environments to enhance wind energy harvesting.  318 

   319 

Fig. 12. Experimental comparison of the GPEH-Y, VIVPEH and GPEH-Square with different 320 

load resistances: (a) Output voltage; (b) output power. 321 

 322 



 323 

Fig. 13. Output voltage of the GPEH-Y (a), (d), (g), VIVPEH (b), (e), (h) and GPEH-Square 324 

(c), (f), (h). The operating conditions are: (a) R = 2 MΩ at U = 1.961 m/s; (b) R = 2 MΩ at U 325 

= 1.618 m/s; (c) R = 2 MΩ at U = 1.961 m/s; (d) R = 2.5 MΩ at U = 1.961 m/s; (e) R = 2.5 326 

MΩ at U = 1.618 m/s; (f) R = 2.5 MΩ at U = 1.961 m/s; (g) R = 3 MΩ at U = 1.961 m/s; (h) R 327 

= 2.5 MΩ at U = 1.618 m/s; (i) R = 3 MΩ at U = 1.961 m/s. 328 

 329 

6. Conclusions 330 

This paper presents a novel high-performance piezoelectric wind energy harvester with 331 

Y-shaped attachments (GPEH-Y). The transition from vortex induced vibration mode to 332 

galloping mode has been verified numerically using the Lattice-Boltzmann CFD method 333 

(LBM). The computational results have shown that the vibrations amplitude of the GPEH-Y  334 

increases first and then decreases within a low wind speed range (lock-in at 0.85 m/s ≤ U ≤ 335 

1.42 m/s), which is  typical for the vortex induced vibrations phenomenon. For higher wind 336 

speeds, the vibrations amplitude of the GPEH-Y continuously increases. The theoretical 337 

model of the GPEH-Y is verified by the presented experimental study. The GPEH-Y with 338 

different load resistances has also been investigated by theoretical analysis. The present study 339 

indicates that the Y-shaped attachments equipped on the bluff body can change the 340 

aerodynamics characteristic of the PEH. For VIVPEH, the threshold wind speed is about Uvcr 341 

= 1.0 m/s, which is lower than Ugcr = 1.28 m/s of the GPEH-Y. The VIVPEH can effectively 342 

work in the wind region of 1m/s ≤ U ≤ 1.42 m/s, comparing with U ≥ 1.28 m/s of the 343 

GPEH-Y, has a narrow bandwidth but it enters lock-in region earlier than the GPEH-Y. In 344 



addition, it has been found that the GPEH-Y is obviously performing better than the 345 

GPEH-Square, which was the currently best design of galloping energy harvesters. More 346 

importantly, the presented design successfully makes the VIVPEH transform into the GPEH, 347 

which can enhance energy harvesting. The optimized design and deeply theoretical 348 

investigation on of the GPEH will be presented in the future work. 349 
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