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Abstract Galloping based piezoelectric energy harvester is a kind of 34 

micro-environmental energy harvesting device based on flow-induced vibrations. A 35 

novel tristable galloping-based piezoelectric energy harvester is constructed by 36 

introducing a nonlinear magnetic force on the traditional galloping-based 37 

piezoelectric energy harvester. Based on Euler-Bernoulli beam theory and Kirchhoff's 38 

law, the corresponding aero-electromechanical model is proposed and validated by a 39 

series of wind tunnel experiments. The parametric study is performed to analyse the 40 

response of the tristable galloping-based piezoelectric energy harvester. Numerical 41 

results show that comparing with the galloping-based piezoelectric energy harvester, 42 

the mechanism of the tristable galloping-based piezoelectric energy harvester is more 43 

complex. With the increase of a wind speed, the vibration of the bluff body passes 44 

through three branches: intra-well oscillations, chaotic oscillations, and inter-well 45 

oscillations. The threshold wind speed of the presented harvester for efficiently 46 

harvesting energy is 1.0 m/s, which is decreased by 33% compared with the 47 

galloping-based piezoelectric energy harvester. The maximum output power of the 48 

presented harvester is 0.73 mW at 7.0 m/s wind speed, which is increased by 35.3%. 49 

Compared with the traditional galloping-based piezoelectric energy harvester, the 50 

presented tristable galloping-based piezoelectric energy harvester has a better energy 51 

harvesting performance from flow-induced vibrations. 52 

Keywords Energy harvesting; Galloping; Tristable; Flow induced vibrations  53 
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1. Introduction 55 

Wireless sensor networks (WSN) [1], Micro-Electro-Mechanical System (MEMS) 56 

[2] and unmanned aerial vehicle (UAV) [3] have shown their significance in the 57 

modern industrial community. Such low-power devices mainly require a sustainable 58 

and stable power supply, which usually work in a severe environment and do not need 59 

frequent manual battery replacement. Energy harvesting technology has been 60 

developed in recent twenty years which is quite suitable for powering the 61 

above-mentioned devices. Triboelectric Nanogenerator (TENG) [4, 5], piezoelectric 62 

energy harvester (PEH) [6, 7], electro-magnetic energy harvester (EMEH) [8, 9], 63 

electrostatic energy generator (ESEG) [10, 11] and dielectric elastomers energy 64 

harvester (DEEH) [12, 13] are mainly types of energy harvesting technologies. The 65 

PEH has been researched extensively for its high voltage and low current outputs, 66 

which has the good potential of further rectification for a specific application [14]. 67 

Basing on the PEH, various mechanical vibration resources have been utilized to 68 

harvest energy, such as random vibrations, rotational vibrations, base excitations, and 69 

flow-induced vibrations [15]. Flow-induced vibration piezoelectric energy harvesters 70 

(FIVPEH) are designed mainly for vortex induced vibrations, galloping, flutter and 71 

wake-induced vibrations. Galloping based piezoelectric energy harvesting (GPEH) 72 

has received considerable interests for its good performance of harvesting wind 73 

energy in a broadband range of wind speeds beyond its threshold working point. 74 

Abdelkefi et al. [7, 16] established the distributed parameter model and aerodynamic 75 

model of the GPEH by Euler beam theory and quasi steady state theory, and studied 76 

the influence of load resistance and wind speed on the GPEH. Then, Abdelkefi et al. 77 

[17] further compared the performance of energy harvester with different sections, 78 

and the experimental results showed that the shape of section had a great influence on 79 

the starting wind speed of the energy harvester, and the performance of the energy 80 

harvester with different sections varied greatly in different wind speed region. Tang et 81 

al. [18] established the equivalent circuit simulation model of GPEH, and expressed 82 

the mechanical parameters of the system with standard circuit components and the 83 

aerodynamic parameters with custom components, which greatly facilitated the study 84 



of GPEH with complex interface circuit. In order to further improve the efficiency of 85 

energy harvesting, researchers have made a lot of improvements to the traditional 86 

energy harvester [19-21] . Abdelmoula and Tan et al. [22-24] studied the influence of 87 

interface circuit on GPEH. The interface circuit with capacitance and inductance is 88 

more complex than the AC (alternating-current) interface circuit only with resistance. 89 

On the one hand, the circuit with capacitance and inductance is not conducive to 90 

improving the output power of the load resistor. On the other hand, capacitance and 91 

inductance can not only adjust the output voltage and current of the resistor, but also 92 

reduce the starting wind speed of GPEH. In addition, compared with the GPEH with 93 

DC circuit interface, the GPEH with AC circuit interface has higher output power and 94 

smaller displacement at high wind speed. The structure of bluff body surface also has 95 

a great influence on the performance of energy harvester. Hu et al. [25]studied the 96 

performance of wind energy harvesters with rod-shaped attachments with different 97 

cross sections (circular, triangular and square). The experimental results showed that 98 

the energy capture performance of the energy harvesters with triangular rods was 99 

better than that of the other two groups due to the larger transverse force coefficient. 100 

Wang et al. [26] proposed a new piezoelectric energy harvester with Y-shaped 101 

attachment (GPEH-Y). The vibration form of the GPEH-Y transform from VIV to 102 

galloping as the wind speed increased. Compared with the VIVPEH with smooth 103 

cylinder, GPEH-Y had a higher energy harvesting efficiency. Yang et al. [27] studied 104 

the interaction between VIV and galloping to improve the performance of GPEH at 105 

low wind speed. 106 

At the same time, linear vibration energy harvesters based on above-mentioned 107 

principles have been widely studied and then magnetic based nonlinearity has also 108 

shown its benefits in designing energy harvesting system comparing to the traditional 109 

linear resonant energy harvesters, e.g. adding nonlinear monostable and bistable [28, 110 

29] principles can give a significant enhancement on the energy harvesting 111 

performance, which can improve the efficiency over a wide range of operating 112 

frequencies. For example, McInnes et al. [30] studied the mechanism of enhancing 113 

energy harvesting efficiency by adding the bistable periodic forcing on the stochastic 114 



resonance system. To improve the energy harvesting efficiency, Erturk et al. [31] and 115 

Stanton et al. [32] theoretically and experimentally studied the large-amplitude 116 

periodic oscillations based on a bistable energy harvester (BEH) with a magnetic 117 

structure. By comparing monostable energy harvester (MEH) and the BEH under 118 

different types of excitations and initial conditions, researchers [33-35] have 119 

concluded that for stochastic excitations the BEH is preferable, otherwise MEH is 120 

more practical and robust. Then, in order to further improve the energy output of 121 

nonlinear energy harvesters over a wider range of frequencies. Zhou et al. [36, 37] 122 

proposed the theoretical model and its experimental verification of a tristable energy 123 

harvester (TEH), and they verified the performance enhancement of the TEH under 124 

harmonic excitations. Li et al. [38] studied the performance of the TEH subjected to 125 

random excitations, realized inter-well oscillations and obtained a high harvesting 126 

efficiency by tristable coherence resonance. Later on, Younesian and Alam [39] 127 

designed a nonlinear multi-stable system, which could significantly enhance the 128 

absorption efficiency of a heaving wave energy converter.  129 

Therefore, nonlinear energy harvesting technology is not only prospectively in 130 

designing energy harvesters from basing excitations, but also significant in energy 131 

harvesting from flow-induced vibrations. Recently, some researchers studied the 132 

influence of nonlinearity on the FIVPEH. For example, Zhou et al. [40] proposed an 133 

energy harvester with the dynamic multistability to harvest flutter energy which can 134 

realize snap-through and produce high output power for the wind speed ranging from 135 

1.5 m/s to 7.5 m/s. Bibo et al. [41] investigated to employ the nonlinear restoring 136 

force to improve the performance of flow-induced vibration energy harvesters. A 137 

GPEH possessing a quadratic potential energy function was presented, which could 138 

also be used to model the softening and the hardening effects, and the bi-stable 139 

characteristics. Zhang et al. [42] used nonlinear magnetic force to realize an operable 140 

strategy to enhance the output power of piezoelectric energy harvesting from 141 

vortex-induced vibrations, a wider synchronization region and a higher level of 142 

harvesting power by 138% and 29% were presented. However, there are few 143 

researches on the magnetic based wind energy harvesting. 144 



In this work, a novel tristable galloping-based piezoelectric energy harvester 145 

(TGPEH) based on air instability of galloping is presented. Both theoretical analysis 146 

and experimental investigation are conducted. Firstly, the aero-electromechanical 147 

model is proposed and validated by wind tunnel experiments. The conversion 148 

mechanism between potential energy and kinetic energy of the tristable vibratory 149 

system is fully presented through the system dynamic and energy analysis. Then, the 150 

effects of wind speed and load resistance on the system are performed, and the 151 

velocity response between different potential energy wells are further discussed. 152 

Finally, in order to test the performance of TGPEH, the output voltage and power of 153 

TGPEH and GPEH at different wind speeds are compared. 154 

2. Design and prototype of the TGPEH  155 

In the present work, a nonlinear TGPEH is built and tested in a wind tunnel. A 156 

cantilever beam attached with a piezoelectric sheet is connected to the end of a square 157 

sectioned bluff body. To produce the nonlinear restoring force, two magnets are 158 

equipped on the side near the bottom of the bluff body, and other two magnets are 159 

placed under the bluff body, as shown in Fig. 1. The manufactured prototype of the 160 

present TGPEH is shown in Fig. 2. The effective mass meff can be determined by 161 

1 2 3

33
2

140
effm m m m= + + [43], where m1, m2 and m3 are the mass of the piezoelectric 162 

cantilever, the square bluff body and the endmost magnets, respectively. According to 163 

the free-decay test, the resonant frequency of the system ωn and the damping ratio ζ 164 

can be calculated [43]. Then, the equivalent stiffness 2

n n effk m=  and the effective 165 

damping 2eff n effC m=  can be solved. The substrate layer is made of aluminum 166 

proximate material and the bluff body is made of foam with a length of 0.118 m and a 167 

bottom surface of 0.0320.032 m2. A round sectioned wind tunnel is used to produce 168 

a steady-state incoming wind flow in the wind speed range of 0 - 7 m/s. The 169 

kinematic viscosity of an air flow at room temperature is 51.5 10−  m2∙s-1. A piece of 170 

macro fiber composite (MFC) with the capacitance 39.6pC =  nF is linked on the 171 

cantilever by acrylic acid.  172 



 173 

Fig. 1 Schematic of the TGPEH: (a) front view and (b) side view. 174 

 175 

Fig. 2 The prototype of the TGPEH: (a) 1st steady equilibrium position, (b) 2nd steady 176 

equilibrium position and (c) 3rd steady equilibrium position. 177 

The governing equations of the lumped parameter model of the traditional GPEH 178 

can be given as [44]: 179 

( ) ( ) ( ) ( ) ( )eff eff eff gallopingM t C u t K u t tu t V F+ + − =               (1) 180 

  ( ) ( ) ( ) 0pI t C V t u t+ + =                          (2) 181 

where ( ) ( ) /I t V t R= , represents the current across the load resistance and θ is the 182 

electromechanical coupling coefficient. Fgalloping(t) is the unstable aeroelastic force 183 

acting on the bluff body which is caused by galloping phenomenon. It is noted that in 184 

the present work, the square sectioned bluff body is chosen, which has been proved to 185 

be quite easy to arouse galloping but not vortex induced vibration [45]. The vibration 186 

period of the galloping is close to 2π/ωn, which is much larger than the time scale of 187 

fluid flowing through the bluff body. Aerodynamic force Fgalloping(t) can be solved by 188 



the quasi-static hypothesis, as follows [7]: 189 

          ( ) 2

1,3,

1

2

i

galloping tip i

i

u
F t hl U A u

U


= 

 
= + 





                   (3) 190 

Where ρ is the air density, h and ltip are respectively the frontal dimension and the 191 

length of the bluff body. The coefficients of the aerodynamic force Ai mainly depend 192 

on the shape of bluff body, which can be obtained by measuring the aerodynamic 193 

force of a static bluff body at different angles of attack and expressed as a cubic 194 

polynomial expansion of the angles of attack. u is the rotation angle at the free end 195 

of the beam during galloping, which can be calculated by ( )1.5
b

u u t
L

=   (Lb is the 196 

length of free section of the cantilever). 197 

Compared with the GPEH, the TGPEH includes a magnetic device, and the 198 

stiffness of the system can be adjusted by varying the magnetic force. The restoring 199 

force in GPEH model is replaced by a non-linear restoring form, and the governing 200 

equation of the lumped parameter vibratory model of the TGPEH can be expressed as: 201 

( ) ( ) ( ) ( )
3

2

1 3

1

2
eff eff r tip

u u
M t C u t F u V t hl U A u A u

U U
u

    
+ + − = + + +        









   (4) 202 

Considering the peculiarity of the nonlinear force and the motion characteristics of 203 

the bluff body in the tristable magnetic field (the restoring force is zero in equilibrium 204 

positions), the nonlinear force Fr(u) can be expressed by a quantic polynomial of u(t) 205 

[46]: 206 

                ( ) ( ) ( ) ( )5 3

1 3 5rF u k u t k u t k u t= + +                    (5) 207 

Where k1, k3 and k5 represent the polynomial coefficients associate with the nonlinear 208 

force Fr(u), which can be obtained by measuring the relationship between the 209 

restoring force and the displacement of the bluff body in the experiments. For the 210 

values of k1, k3 and k5 have a great influence on the theoretical analysis of the TGPEH 211 

model, it is significant to accurately measure the resorting force by experiments. 212 

When the expression of Fr(u) is deduced, Eqs. (4) and (2) can be transformed into 213 

the state-space form as Eq. (6). By solving Eq. (7) by ode 45, the numerical solution 214 



of theoretical model can be obtained. 215 
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(7) 218 

3. Nonlinear coefficients fitting and experimental verification  219 

To fit the coefficients of the nonlinear restoring force and validate the present 220 

aero-electromechanical model, the prototype is tested in the wind tunnel, as shown in 221 

Fig. 3. A simple load resistor R = 600 KΩ (standard AC interface) is used, and the 222 

numerical solution will be compared with the experimental results. A plexiglass wind 223 

tunnel is used to provide stable inflow. The cross-section of the wind tunnel is a circle 224 

with a diameter of 0.4 m (the section size of the TGPEH is far smaller than the 225 

cross-section size of the wind tunnel, and the blockage ratio is less than 5% of the 226 

critical value, so the influence of the blockage ratio in the experimental process is not 227 

considered temporarily [25]). A honeycomb structure flow stabilizing the device is 228 

arranged at the inlet of the wind tunnel to reduce the influence of the flow field 229 

fluctuation in the inlet section. The wind speed is measured by a hot-wire anemometer 230 

(Testo Co., USA). The voltage output and vibrations amplitude are measured by a 231 

DS1104Z digital oscilloscope (RIGOL Co., China), and a HG-C1400 laser 232 

displacement sensor (Panasonic Co., Japan), respectively. The restoring force is 233 

measured by a HF-2 digital force gauge (Byes Co., China). 234 



 235 

Fig. 3 The prototype of TGPEH tested in the wind tunnel. 236 

3.1 Fitting and analysis of nonlinear restoring force coefficients 237 

In order to analyze the vibration characteristics of the TGPEH, the functional 238 

relationship between the nonlinear restoring force Fr(u) and u(t) needs to be defined. 239 

Firstly, the restoring force at different positions was measured by the digital force 240 

gauge. Then the experimental data are fitted by the least square method. For the 241 

magnets located symmetrically on both sides of the bluff body, the even term 242 

coefficients k2 = k4 = k6 = 0 in the polynomial. The values of polynomial coefficients 243 

are 7

1 6.006 10k =  , 4

3 7.922 10k = −  and 5 24.46k = , respectively, and the sum of 244 

squared due to error is 0.02284, as shown in Fig. 4. By substituting k1, k3 and k5 into 245 

Eq (5), the expression of nonlinear force Fr(u) can be obtained as follows 246 

( ) ( ) ( ) ( )7 5 4 36.006 10 7.922 10 24.46rF u u t u t u t =  −  +            (8) 247 

Figure 4 shows that the fitting curve and the experimental data have good 248 

agreement and there are large deviations near the extreme and null points. The main 249 

reason is that the nonlinear restoring force varies significantly at these points. At the 250 

same time, due to the interference of external vibration sources, the bluff body does 251 

not reach the equilibrium state completely, which has little influence on the variation 252 



tendency. There are five null points A, B, C, D, and E on the nonlinear restoring force 253 

curve, where A, C and E are steady equilibrium points, and B and D are unsteady 254 

equilibrium points. In addition, when the vibration exceeds the second equilibrium 255 

point on both sides, the linear elastic force and the nonlinear magnetic force produced 256 

by the bending of the beam are in the same direction. The nonlinear force increases 257 

sharply with the increase of the displacement. 258 

 259 

Fig. 4 Fitting curve of the restoring force. 260 

Considering the effect of the non-linear restoring force, the potential energy of the 261 

TGPEH is characterized as: 262 

                      ( )
0

0

d
x

r
x

U F u u
−

=                              (9) 263 

Substituting Eq. (8) into Eq. (9), the relationship between the potential energy and 264 

displacement is shown in Fig. 5. Three potential wells including Potential Well-I, 265 

Potential Well-II and Potential Well-III can be observed. The extreme points A, B, C, 266 

D, and E correspond to the null points of the restoring force curve in Fig. 4. When the 267 

wind speed is low, the bluff body oscillates around point C in Potential Well-II, and 268 

the amplitude increases with the increase of the wind speed.  269 

When the bluff body oscillates in the Potential Well-II, the non-linear stiffness 270 

dFr/du is less than the linear stiffness Keff because of the opposite direction of the 271 

magnetic and elastic forces, and the system is in a softening state (the damping of the 272 

system remains unchanged and the stiffness decreases). Compared with the galloping 273 

energy harvester without a magnetic field, the TGPEH in the softening state has a 274 

lower starting wind speed and higher displacement response [41]. When the wind 275 

speed is high, the displacement of the bluff body will break through the Potential 276 



Well-II and enter the Potential Well-I or Potential Well-III. When the bluff body 277 

moves from A to B, the direction of nonlinear restoring force Fr(u) and displacement 278 

u(t) are the same. As the potential energy Ep is transformed into kinetic energy Ek, the 279 

amplitude of the bluff body increases rapidly due to the effect of the damping and the 280 

electromechanical coupling force, the variation of potential energy and kinetic energy 281 

is 0p kE E +   .  282 

It is difficult for the bluff body to break through the Potential Well-I when the 283 

oscillation speed of the bluff body in the Potential Well-I is small, and eventually the 284 

bluff body will vibrate inside the Potential Well-I around point A. It should be noticed 285 

that the vibration of a bluff body in the Potential Well-I is easily affected by the initial 286 

conditions, and can be transformed into chaotic motion among the Potential Well-I, 287 

Potential Well-II and Potential Well-III [47]. As the wind speed continues to increase, 288 

when the wind speed is higher than the critical wind speed in the Potential Well-I, the 289 

bluff body would maintain stable inter-well vibration among the Potential Well-I, 290 

Potential Well-II and Potential Well-III. 291 

 292 

Fig. 5 Potential energy of the TGPEH. 293 

In order to further investigate the influence of different types of the nonlinear forces 294 

on the performance of GPEH, the dimensionless time t* = ωnt and dimensionless 295 

displacement u* = u/h (h is the side length of the bluff body bottom) are introduced. 296 

The dimensionless output response of GPEH with the tristable structure is compared 297 

to that of GPEH with the nonlinear forces (bistable, hardening, softening) in the 298 



previous literature [41], as shown in Fig. 6. It is obvious that the bistable structure has 299 

larger displacement response and bandwidth at low wind speed. When U* 300 

(dimensionless wind speed) increases from 5.2 to 5.4, the GPEH with the tristable 301 

structure changes from intra-well oscillations to inter-well oscillations, and the 302 

displacement increases rapidly. Due to the small stiffness, the displacement response 303 

growth trend of softening structure under high wind speed is larger than that under 304 

other nonlinear forces. Figure 6 (b) shows the dimensionless RMS voltage of the 305 

TGEH under different nonlinear forces. Compared with other nonlinear forces, the 306 

TGEH with the tristable structure has higher output voltage under a high wind speed, 307 

which is of great significance for energy harvesting. Fig. 6 (c) shows the response 308 

frequency of the TGEH under different nonlinear forces. It can be clearly seen that the 309 

response frequency of the GPEH with the different types of nonlinear structures is 310 

different due to the influence of the nonlinear stiffness. Therefore, the response 311 

frequency of softening structure decreases with U* increases, the response frequency 312 

of the hardened structure increases with U* increases, and the response frequency of 313 

the bistable and tristable structures decrease firstly and then only U* increase. 314 

 315 



Fig. 6 The output response of the GPEH with different types of nonlinear forces: (a) 316 

dimensionless displacement, (b) dimensionless voltage, (c) dimensionless frequency. 317 

3.2 Validation of the nonlinear aero-electromechanical model 318 

To validate the proposed nonlinear aero-electromechanical model of the TGPEH, 319 

the wind tunnel experiments are carried out at different wind speeds. The related 320 

values of the parameters are listed in the Table 1. Figure 7 compares the output 321 

voltage and output power (
2

rmsV
P

R
= , rmsV  is root mean square voltage) of the 322 

numerical solution of the aero-electromechanical model with the experimental results 323 

under fixed load resistor R = 600 KΩ condition. It is found that the output response of 324 

TGPEH increases as the wind speed increases, and then it exceeds the threshold 325 

galloping value. In the relatively low wind speed region (U < 2.8 m/s), the output 326 

response of the numerical solution is slightly higher than the experimental results in 327 

this case. However, the output response of the numerical solution is a little lower than 328 

the observed experimental values at the higher wind speed region. In addition, the 329 

numerical solution could not produce output power in the wind speed range of 2.8 m/s 330 

- 3.0 m/s, because the vibration has to jump from the Potential Well-II into the 331 

Potential Well-I. In general, the numerical solutions of the aero-electromechanical 332 

model have a good agreement with the experimental measurements.  333 

Table 1 Properties of the TGPEH. 334 

Properties Value 

m1 6.52 g 

m2 3.58 g 

m3 1.36 g 

Lb 200 mm 

fon 6.6764 Hz 

fsn 6.6900 Hz 

Ceff 0.0046 Ns/m 

θ 4.5×10-5 N/V 

Cp 39.6 nF 

Nonlinear stiffness coefficients 

k1 = 6.006×107 N/m5, 

k3 = -7.922×104 N/m3, 

k5 = 24.46 N/m 



 335 

Fig. 7 Comparison of the numerical solution and experimental output at different 336 

wind speeds: (a) output voltage, (b) output power. 337 

Then, in order to analyze the reasons for the deviation between the experimental 338 

and theoretical results, the time-domain voltage output of the two methods is further 339 

compared and the results are shown in Fig. 8. Compared with the time-domain 340 

voltage response of the numerical solution, the experimental results are smaller at low 341 

values of the wind speed, and the peak value of the measured output voltage changes 342 

slightly with time increasing, as shown in Fig. 7. The probable reason is that the initial 343 

condition of the harvester varies greatly with the wind speed regulation during the 344 

sweeping process, which could produce a great influence on its output response. At 345 

the same time, due to the influence of the initial wind speed, it is difficult to observe 346 

the transition from the intra-well oscillation to the inter-wells oscillation in the 347 

experiment (the depth of Potential Well-I and Potential Well-III are smaller, and the 348 

fluctuation of wind speed makes the bluff body difficult to maintain vibration in 349 

Potential Well-I or Potential Well-III). In the higher wind speed region, the voltage 350 

response of the experimental results is slightly higher than that of the numerical 351 

solution, which is mainly due to the fact that the galloping aerodynamic model Eq. (3) 352 

is based on the assumption of the small attack angle and empirical coefficients of the 353 

aerodynamic function ( )galloping ,if A  [48]. In general, the numerical solution can 354 

predict quite a similar trend of voltage responses as observed in experiments for the 355 

tested wind speed range.  356 



 357 

 358 

Fig. 8 Comparisons of experimental and theoretical output voltage: (a) experiment, U 359 

= 2.235 m/s, (b) experiment, U = 3.331 m/s, (c) numerical solution, U = 2.235 m/s 360 

and (d) numerical solution, U = 3.331 m/s. 361 

4. Results and discussions 362 

Basing on the validated nonlinear aero-electromechanical model of TGPEH, the 363 

parametric study is conducted to investigate the vibration characteristics and energy 364 

harvesting performance of TGPEH. In this section, the effects of wind speed and load 365 

resistance on TGPEH are investigated. Meanwhile, the comparisons between TGPEH 366 

and standard GPEH are studied. 367 

4.1 Effects of wind speed on the tristable galloping-based piezoelectric energy 368 

harvester performance 369 

In order to investigate the output response of TGPEH, the voltage output, power 370 

output, vibratory displacement and frequencies of TGPEH under different load 371 

resistances are compared, which is shown in Fig. 9. It can be found that when the 372 

wind speed is less than 2.8 m/s, the bluff body oscillates inside the Potential Well-II. 373 



Meanwhile, when the wind speed within the scope of 2.8 m/s - 3 m/s, the vibration 374 

breaks through the Potential Well-II then transfers into the Potential Well-I or III, 375 

corresponding to the dot line part in Fig. 9. Due to the influence of electrical damping 376 

and electrical stiffness [49], the critical wind speed of the bluff body vibration breaks 377 

through Potential Well-II varies with the different load resistances. For example, when 378 

the wind speed is 2.8 m/s and the load resistances are 0.8 MΩ and 1.0 MΩ, the 379 

amplitudes of the bluff body are respectively 0.0213 m and 0.0212 m, and the 380 

oscillations are maintained intra the Potential Well-II. When the wind speed is higher 381 

than 3 m/s, the vibrations transfers to the inter wells, and then the performance of 382 

TGPEH will gradually improve with the increase of the wind speed. 383 

Specifically, Figure 9 (a) shows the relationship between the output voltage and 384 

wind speed. It is noted that the TGPEH with different loads starts to vibrate at the 385 

wind speed of 1.0 m/s. The output voltage increases as the wind speed increases. Also, 386 

the relationship between the output power and wind speed with different load 387 

resistances are depicted in Fig. 9 (b). It can be clearly seen that the output power of 388 

the TGPEH increases with increasing the wind speed, and the TGPEH exhibited a 389 

better performance under R = 0.4 - 1.0 MΩ. Interestingly, by comparing several 390 

output power curves in Fig. 9 (b), the optimal value of the load resistance changes 391 

with the increase of wind speed and the response curves cross each other, which is 392 

quite different from traditional GPEH[48], the reason is that the resonant frequencies 393 

changes by adding nonlinear magnetic forces. Detailedly, e. g. when U < 3 m/s, the 394 

output power of the TGPEH with load resistances R = 0.4 MΩ, 0.6 MΩ, 0.8 MΩ and 395 

1.0 MΩ are almost the same. Meanwhile, when 3 m/s < U < 4 m/s, the maximum 396 

power output occurs at R = 1.0 MΩ, and the maximum power output occurs when U > 397 

5 m/s at R = 0.6 MΩ. In addition, when U > 5m/s, the output power of TGPEH with 398 

load resistance R = 0.4 MΩ increases rapidly as the wind speed increases. Peculiarly, 399 

the growth rate is much higher than that of other groups (e. g. R = 0.6 MΩ, 0.8 MΩ 400 

and 1.0 MΩ). Although the TGPEH has higher output voltage when R = 4.0 MΩ and 401 

10 MΩ, the performance of energy harvesting was not ideal due to high load 402 

resistance.  403 



Figures 9 (c) and (d) indicate the reasons for the abovementioned phenomena, 404 

firstly, when the wind speed changes from 2.8 m/s to 3.0 m/s, the output voltage of 405 

resistance R = 4.0 MΩ and R = 10 MΩ increases suddenly due to the sudden increase 406 

of amplitude (see Fig. 9 (c)), which also exhibits a similar variation trend as the wind 407 

speed varies. At the same time, when the load resistances are lower than 1.0 MΩ, the 408 

output voltage is mainly affected by the vibratory frequency, which can be concluded 409 

by Fig. 9 (d), in detail, when the wind speed is higher than 3 m/s, the output voltage 410 

increases rapidly as the vibratory frequency increases.  411 

 412 

Fig. 9 The output response of the TGPEH with different load resistances and wind 413 

speeds: (a) output voltage, (b) output power, (c) displacement and (d) vibratory 414 

frequency. 415 

In order to further investigate the influence of load resistance R and wind speed U 416 

on the TGPEH, the voltage and power responses under U = 1.5 m/s, 2.5 m/s, 3.5m/s 417 

and 4.5 m/s are analysed, as shown in Fig. 10. From Fig. 9 (a), one can see that the 418 

output voltage increases with the increase of resistance R. When R reaches 2.0 MΩ, 419 

the voltage is reasonably stable in the entire wind speeds. In addition, it can be found 420 

that by comparing several curves under different wind speeds, when the wind speed is 421 

low, the output voltage is mainly affected by the wind speed, which can also be 422 



reflected in Fig. 9 (a) showing output power response with the variation of the load 423 

resistance. With the increase of load resistance, the output power increases first and 424 

then decreases, and finally tends to a constant value. Under wind speeds of 1.5 m/s, 425 

2.5 m/s, 3.5 m/s and 4.5 m/s, the optimum load resistances Ropt are 0.4 MΩ, 0.6 MΩ, 426 

0.9 MΩ and 0.8 MΩ, respectively, and the maximum output power are 0.0283 mW, 427 

0.142 mW, 0.218mW and 0.452 mW, respectively. The maximum output voltage 428 

increases with the increase of wind speed. Ropt is mainly affected by the vibratory 429 

frequency and capacitance of the piezoelectric material [49]. Compared with GPEH, 430 

the nonlinear stiffness dFr/du of TGPEH is related to the displacement, and its 431 

vibratory frequency varies with the wind speed. When the bluff body oscillates intra 432 

the potential energy well, the vibratory frequency decreases with the increase of wind 433 

speed. When the bluff body oscillates inter the potential energy wells, the vibratory 434 

frequency increases with the increase of wind speed, as shown in Fig. 9 (d). Therefore, 435 

when the wind speed U < 3 m/s, Ropt decreases with the increase of the wind speed, 436 

and when U > 3 m/s, Ropt increases with the increase of the wind speed.  437 

 438 

Fig. 10 The output response of the TGPEH under different wind speeds versus R: (a) 439 

Output voltage and (b) output voltage. 440 

4.2 Vibration characteristics of the tristable galloping-based piezoelectric energy 441 

harvester 442 

In order to study the influence of the wind speed on the vibration of the bluff body, 443 

the phase trajectories of the TGPEH under different wind speeds are plotted in Fig. 11. 444 



When the wind speed U = 2.5 m/s, the phase trajectory of the TGPEH is 445 

approximately circular, and the maximum displacement is 0.015 m. The bluff body 446 

presents a regular limit cycle motion in the Potential Well-II, as shown in Fig. 11 (a). 447 

The vibration of the bluff body breaks through the Potential Well-II to the Potential 448 

Well-I and makes a chaotic motion near the bottom of the well at U = 2.9 m/s, as 449 

shown in Fig. 11 (b). At this time, the vibration of bluff body is sensitive to the initial 450 

velocity and the wind speed. As the wind speed and the initial velocity change slightly, 451 

the amplitude increases rapidly and the phase trajectory transits to that shown in Fig. 452 

11 (c). When the bluff body moves from the centre to the first unsteady equilibrium 453 

point on both sides, the kinetic energy is transformed into the nonlinear potential 454 

energy, and the velocity decreases rapidly. When the kinetic energy is less than the 455 

dissipated power generated by the damping, the bluff body stays at the two sides of 456 

the well to oscillate. Figure 12 presents the velocity-time response and vibratory 457 

frequency of the TGPEH at U = 3 m/s, which could explain the transition area from 458 

chaotic to limit-cycle oscillation shown in Fig. 11 (c). Figure 12 shows that the 459 

velocity-time response curve bifurcates due to the influence of the nonlinear restoring 460 

force. Meanwhile, when the bluff body oscillates in different potential wells, the 461 

vibratory frequency varies, which could further show that the vibration state of the 462 

bluff body is mainly unstable during this domain. The velocity of bluff body increases 463 

as the wind speed increases. Furthermore, the influence of nonlinear restoring force 464 

on the vibration decreases gradually, and the vibration tends to be stable while the 465 

phase trajectory tends to be elliptical. From Fig. 11 (d), the vibration becomes stable 466 

again to a limit cycle motion at U = 7 m/s. This is because that the effect of nonlinear 467 

magnetic force is much lower than that of wind induced vibration, namely the 468 

wind-induced vibratory energy is much higher than the potential energy. 469 



 470 

Fig. 11 The phase trajectory of the TGPEH with a load resistance of 0.6 MΩ under 471 

different wind speeds: (a) U = 2.5 m/s, (b) U = 2.9 m/s, (c) U = 3.0 m/s and (d) U = 472 

7.0 m/s. 473 

 474 

Fig.12 The TGPEH at U = 3.0 m/s: (a) velocity-time response and (b) frequency 475 

spectrum. 476 

4.3 Enhanced performance of the TGPEH  477 

To verify the performance of the TGPEH, the output voltage and the output power 478 

from the GPEH and the TGPEH are compared with three different load resistances as 479 

shown in Fig. 13. It is found that the TGPEH has a wider bandwidth than that of the 480 



GPEH, and the cut-in wind speed of the former is reduced to 33% of the GPEH. The 481 

output voltage of the TGPEH and the GPEH increases as the wind speed increases, 482 

and the maximum output voltage of the TGPEH and the GPEH are 28.06 V and 26.82 483 

V respectively for R = 10 MΩ. It should be noted that when the wind speed increases 484 

from 2.8 m/s to 3 m/s, the output voltage of the TGPEH increases from 15.86 V to 485 

24.92 V, while the output voltage of the GPEH is 13.20 V. Figure. 13 (b) is the output 486 

power of both harvesters. The output power of both the TGPEH and the GPEH with R 487 

= 10 MΩ is about 0.07 mW. When the R = 0.1 MΩ, the maximum output power of the 488 

TGPEH is 0.28 mW, and that of the GPEH is 0.11 mW. When R = 0.6 MΩ, the 489 

maximum output power of the TGPEH is 0.73 mW, and that of the GPEH is 0.54 mW. 490 

Based on the above analysis, it can be concluded that the TGPEH has a wider 491 

effective wind speed range and a higher output power than the GPEH.  492 

 493 

Fig.13 Comparisons of (a) output voltage and (b) output power of TGPEH and GPEH 494 

with different load resistances and wind speeds. 495 

5. Conclusions 496 

This paper presents a novel high-performance tristable galloping-based 497 

piezoelectric energy harvester (TGPEH) via proposing its aero-electromechanical 498 

model. The nonlinear restoring force is expressed as a quintic polynomial function of 499 

vibratory displacement to accurately present the influence of magnetic components. 500 

The output characteristics with different wind speeds and load resistances are studied. 501 

The vibration response of the TGPEH can be divided into three ranges, when the wind 502 

speed is less than 2.8 m/s, the TGPEH firstly makes intra-well oscillation within the 503 



Potential Well-II. When the wind speed is 2.8 - 3.0 m/s, the vibration passes through 504 

the Potential Well-II and enters into the Potential Well-I or Potential Well-III. 505 

Moreover, when the wind speed is higher than 3.0 m/s, the TGPEH transits into 506 

inter-well oscillations. Compared with traditional GPEH without magnetic 507 

components, the presented TGPEH has more satisfactory performance, e.g. when 508 

TGPEH carries out intra-well oscillations, because of the magnetic force effect, the 509 

equivalent linear stiffness of the system is less than the linear stiffness of the GPEH. 510 

The threshold wind speed of the TGPEH decreases to 33% of GPEH, and the output 511 

voltage increases rapidly with the wind speed. Meanwhile, when TGPEH hinges from 512 

the intra-well oscillations into the inter-well oscillations, the potential energy of 513 

system is transformed into kinetic energy of bluff body, and the output voltage can be 514 

increased by 57.1%. In addition, it can be seen that the output power of the TGPEH is 515 

higher than that of the GPEH. It should be noted that when the TGPEH breaks 516 

through the Potential Well-II and enters the Potential Well-I or Potential Well-III (U = 517 

2.8 - 3.0 m/s), the output response of the TGPEH is greatly influenced by the initial 518 

conditions, and the bluff body can make chaotic or intra-well oscillations.  519 
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