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Abstract. In the last years, the new research papers piezoelectric energy harvesting from vortex-induced 

vibration (PEH-VIV) are focused on indirect contact between airflow and piezoelectric transducer. Where 

some researchers have noticed that is difficult to establish an accurate analytical model that could describe 

precisely the behavior of the piezoelectric generator including the indirect interaction with airflow. Due to 

these difficulties, new studies are concentrating directly on the experimental investigations to get results of 

energy harvesters of the indirect-contact piezoelectric wind energy harvesters (IC-PWEHs). However, this 

paper presents an analytical model that can provide good results according to experimental tests. The 

obtained results concern the displacement of the piezoelectric transducer indirectly excited by a vortex-

induced vibration (VIV) and the generated voltage according to a different mass of cylindrical shell. The 

numerical results of the model show a significant agreement with the experimental results due to the good 

estimation of the system’s parameters, where the computing is done numerically using the MATLAB 

Simulink. Additionally, the optimal mass value of the piezoelectric transducer was determined 

approximately by the proposed analytical model. Where this mass is equivalent to the highest voltage 

amplitude according to the experimental tests.

1 Introduction 

Recently, renewable energy harvesting technology has 

been promoted due to its importance in resolving the 

higher consumption of non-renewable energy, the 

matter of energy shortage, and pollution. Over the past 

20 years, wireless sensor networks (WSNs) are widely 

used and distributed within the world. Designing 

suitable energy harvesters to power WSNs has 

attracted attention from researchers. Three 

mechanisms could be used to convert ambient 

vibration energy into electric energy considering 

piezoelectricity, electrostatic induction, and the 

electromagnetic induction [1].  

      Piezoelectric energy harvesting is pointed due to its 

high voltage and low current, making it suitable to be 

used in low-power electrical stuff, especially within the 

field of WSNs [2-4]. In the late 1990s, piezoelectric 

energy harvesting technology by vibration was widely 

used to harvest energy from the environmental flow and 

convert it into vibrational energy [5]. 

      In recent years, many meaningful research works 

have been carried out on using vortex-induced vibration 

to collect ocean energy and wind energy. In addition, 

advanced nonlinear techniques including an 

intermediate element are employed to improve energy 

harvesting performance [2,5]. The old works specialize 

in the direct interaction between the structure 

(piezoelectric cantilevers) and airflow during a variety 

of speeds between 1 and 10 m/s [6-12], while within the 

newest works the interaction is indirect by adding an 

intermediate. Recently an experimental work offers an 

alternate solution to beat the deficiency caused by the 

direct interaction. The flow energy harvesting is based 

on the vortex-induced vibrations (VIV) of a 

piezoelectric transducer integrated into a cylinder, the 

power generated from the wind speed range [0-40m/s] 

is about 2.87mW [13]. The non-contact interaction helps 

to avoid deformation and rupture of piezoelectric 

transducer because of resonance frequencies and to 

reinforce reliability and adaptableness to the 

environment. This work is completed just 

experimentally, focused on studying the feasibility and 

environmental adaptability through experiments, to 

reinforce the performance and applicability of power 

harvesting. Among the advantages of the thought of 

indirect-contact wind energy harvesting is that the 

straightforward adapting the dynamic systems to 

different wind speeds by adjusting structural 

parameters, just like the mass of the intermediate 

(cylinder shell) and thus the mass of the transducer. 

      Several approaches have been employed in the 

literature to control or suppress vibration in engineering 

structures or benefit from these vibrations to generate 

electricity [13-15]. Moreover, reducing or controlling 

VIV in parallel with energy harvesting is desired for 

enhancing the safety of structures, performance, and 

lifetime. 

      In this paper, the investigation aims to get an 

analytical model that could give the same results of the 

experiments ones of the article of Kan and other authors 

[13] by using numerical simulation, The results of the 

proposed analytical model are compared to the 

experiments ones. A detailed system’s parameters are 
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evaluated to determine their effects on the behaviors of 

output parameters displacement and voltage. The rest of 

this article is organized as follows. Section 2, the 

analytical model of NC-PWEH is briefly presented with 

the parameter estimates. Section 3 contains the 

comparison of the responses of the cylinder shell and 

piezoelectric transducer obtained for different masses 

with previous experiments done by Kan and their 

partners [13]. Some conclusions are presented in section 

4. 

2 Mathematical model and key factor 
estimation 

2.1 Mathematical model 

The main objective of this paper is to seek out an 

appropriate analytical model of the system of [13]. The 

system is summed up during a piezoelectric transducer 

made from two cantilevered piezoelectric beams, one up 

and the other down, with a particular bending curvature 

and copper sheet, and its fixed end is installed within the 

cylinder to which the added cantilever mass exists at the 

free end of the transducer, and for the cylinder, 

especially on its inner wall, another mass is attached. Its 

outer ends are fixed to the support by four springs. 

Therefore, the cylindrical shell is suspended 

horizontally and located within the direction of the 

incoming airflow [13]. Fig. 1 shows an approximate 

representation of this technique by the spring-mass-

damper model. Which 𝑀1 represents the equivalent 

mass of the cylindrical shell, 𝐾1 represents the 

equivalent stiffness of 4 linear springs which are fixed 

in two supports (𝑆1, 𝑆2) and 𝐶1 represents the viscous 

damping coefficient of the cylinder. The cylindrical 

shell is connected to the bottom of the piezoelectric 

transducer, 𝑀2, via a linear spring element, 𝐾2, also as a 

linear viscous damping element of coefficient 𝐶2. The 

force F1 represents the external excitation of the fluid 

flow on the cylinder, and 𝑌1, 𝑌2 represent the transverse 

displacement of the cylinder and therefore the 

displacement of the piezoelectric transducer, 

respectively. Also constrained to be perpendicular to the 

airflow. 

 

 

 

 

 

 

 

 

 

Fig. 1. Model of a coupled system of the NC-PWEHs. 

      The piezoelectric transducer considered is of the 

PZT-4 type, the same as that studied previously in the 

article by [13]. It connects to a resistor R, and it plays 

the role of a capacitor. θ is the electromechanical 

coefficient relating to the material property of the 

piezoelectric element and the structural dimension. V 

represents the output voltage of the transducer. Using 

Newton's method, the equations governing the motion 

of the energy sensor are often formulated and are given 

by 

𝑀1�̈�1 + 𝐶1�̇�1 + 𝐾1𝑌1 + 𝐶2(�̇�1 − �̇�2) + 𝐾2(𝑌1 − 𝑌2) =

𝐹𝑙                                                                                 (1) 

𝑀2�̈�2 + 𝐶2(�̇�2 − �̇�1) + 𝐾2(𝑌2 − 𝑌1) = 0                      (2) 

𝑉 =
𝐾2𝑌2

𝜃
                                                                                      (3) 

By defining 

𝜔 = √
𝐾𝑡

𝑀𝑡
  ,    𝑀𝑡 = 𝑀1 + 𝑀2 ,    𝐾𝑡 =

𝐾1𝐾2

𝐾1+𝐾2
 ,   

𝐹𝑙𝑖𝑓𝑡 = 𝐹𝑙 =
1

2
𝜌𝑎𝑖𝑟𝑈

2𝐻𝐶𝐿cos[𝜔𝑉𝐼𝑉𝑡],    𝜔𝑉𝐼𝑉 =
2𝜋𝑈𝑆𝑡

𝐷
  

      Where 𝐾𝑡 , 𝑀𝑡 are the equivalent stiffness and mass, 

𝜔  is the frequency of the coupled system, and 𝜃 is the 

electromechanical coupling coefficient. 𝐹𝑙𝑖𝑓𝑡  is the 

vortex-induced vibration force, 𝜔𝑉𝐼𝑉  is the vortex 

shedding frequency for the VIV. 𝜌𝑎𝑖𝑟  is the air density, 

D and H are the diameter and the height of the cylinder, 

U is the wind speed, 𝑆𝑡 is the Strouhal number, and 𝐶𝐿 

is the lift coefficient of the cylinder. 

2.2 Key factor estimation 

The exact values for some parameters are not available. 

Therefore, in the course of this work, some estimations 

are made with the aim that the results of this model that 

we made are as close as possible to the experimental 

results.  

2.2.1 Estimation of the Strouhal number (St) 

Vortex shedding happens when the wind hits a structure, 

causing alternating vortices to form at a certain 

frequency. This in turn causes the system to excite and 

produce a vibrational load. The various vortex shedding 

processes, occurring with increasing Reynolds number, 

are described by different coefficients St (Strouhal 

number). The vortex shedding frequency is calculated 

using the Reynolds number (which describes the fluid 

flow characteristics) and the Strouhal number (which 

describes the oscillations of a fluid). The Reynolds 

number is calculated using viscosity, density, flow 

velocity, and some geometry from the object in the fluid. 

It is calculated over a range of flow speeds. The Strouhal 

number is then calculated from those Reynolds 

numbers. 

      The Strouhal Number has a crucial influence on the 

frequency at which vortex shedding occurs, it is 

commonly used to measure the wake vortex shedding 

after a bluff-body. Again, the Strouhal Number is 

dependent on Reynolds Number [16]. The relation 

between these two dimensionless numbers can be 

represented by the graph obtained from MIT OCW. 

Data is taken from Lienhard (1966) and Achenbach and 

 

𝑴𝟏 
U 

𝐾2 
𝐶2 

𝑌2 

𝑆1 

𝑆2 

 

𝑌1 

𝐶1 

ICEGC'2021
E3S Web of Conferences 336, 00047 (2022) https://doi.org/10.1051/e3sconf/202233600047

2



Heinecke (1981).Which we can note that the Strouhal 

Number remains nearly constant at approximately 0.2 

unrelated to the geometry of any bluff body over a broad 

range of Reynolds Numbers [16]. 

      The Strouhal number depends on the Reynolds 

number which also depends on the wind speed. Thus, 

the first step is to determine the Reynolds number 

corresponding to the interval of the wind speed [5-40 

m/s], then the values of Strouhal numbers in the range 

of 22.43× 103~ 179 .49× 103 of Reynolds numbers 

could be estimated by the diagram of the relationship 

between Strouhal number and Reynolds number for 

circular cylinders [17]. Fig. 2. Shows the plot of the 

Strouhal number consistent with the wind speed. 

 
 

Fig. 2. Variation of Strouhal numbers of the cylinder with 

different wind speed 

 

      The function of the Strouhal numbers decreases in 

the range of 5 to 10 m/s, and it is almost constant with a 

variation of the wind between 10 and 20 m/s, then it 

increases with a linear form ranging from a wind speed 

equal to 20 m/s. The rest of this article will show that 

this variation of the values of the Strouhal number can 

require an influence on the output of the analytical 

model, in the level of the form of the oscillation of 

airflow. 

2.2.2 Estimation of the lift coefficient (𝐶𝐿) 

To define the numerical value of coefficient lift 𝐶𝐿. We 

study our system Fig. 1 in equilibrium state as shown in 

Fig. 3 with constant airspeed to be able to use the law of 

inertia: Lift=Weight 

 

 

 

 

 

Fig. 3. Cylindrical shell and piezoelectric transducer form a 

system that is acted on by external forces. The weight W and 

the lift 𝑳𝒁 from the airflow are two external forces acting on 

the system. 

      Where weight W is the equivalent mass 𝑀𝑡 of the 

system multiplied by gravitational acceleration g. The 

next force is an aerodynamic force which is lift 𝐿𝑍. It 

was experimentally determined that lift depend on 

dynamic pressure q which is equal to one-half density 

1⁄2 ρ times velocity squared 𝑈2 , area of the wind S, and 

the lift coefficient 𝐶𝐿 which depends on the system’s 

shape and angle of attack. 

 

   𝑊 = 𝐿𝑍                                                                 (4) 

 

𝑀𝑡𝑔 = 𝑞S𝐶𝐿                                                                  (5) 

 

𝑀𝑡𝑔 = 1
2⁄  𝜌𝑈2S𝐶𝐿                                                      (6) 

 

From eq. (6) we can determine the numerical value of 

coefficient lift 𝐶𝐿 

 

       𝐶𝐿 =   
𝜌𝑈2S

2𝑀𝑡𝑔
                                                           (7) 

 

      The lift coefficient is proportional to velocity 

squared. In other word lift coefficient increase with the 

increase of the wind speed. For the range of wind speed 

[5-40 m/s] we get a range of lift coefficient between 0.3 

and 0.6. On another side, some studies find that 

changing 𝐶𝐿 doesn’t affect the output curves shape of 

voltage. Although fluctuating lift coefficient 𝐶𝐿 only 

influences the hump area for the VIV-based wind energy 

harvester with cylinder, and other studies give the values 

of the aerodynamic coefficients for typical cases among 

them the lift coefficient of the cylinder which is 0.3 

[18,11]. Thus, our calculation, previous studies, and the 

angle of attack which is near to zero. All of them prove 

that 0.3 is a suitable value to lift coefficient in this work. 

2.2.3 Estimation of other parameters 

To make the model more accurate, some other 

proprieties of our system should be added to approach 

the exact values of the parameters below.  

 

                        𝜉 =
𝑙𝑛(𝛿)

√4𝜋2+𝑙𝑛(𝛿)2
                                    (8) 

                  𝐶1 = 2𝑀𝑡𝑤𝜉                                         (9) 

                  𝐶2 = 𝛾𝐶1                                              (10) 

                  𝐶𝑝=
𝜖33𝑏𝑙𝑝

ℎ𝑝
                                             (11) 

                  𝜃 = √𝛽𝑀2𝐶𝑝                                       (12) 

 

      Where 𝑀𝑡 is the equivalent mass of a generator 

piezoelectric, C is the damping related to the damping 

coefficient ξ,𝛾 = 0.8 is the ratio of damping. Ɵ is the 

electromechanical coupling coefficient, 𝐶𝑝 is the 

internal capacitance, 𝑙𝑝, 𝑘𝑝, ℎ𝑝 are respectively length, 

width, and thickness of piezoelectric element PZT-4, 

𝜖33 = 54.7 × 10−10𝐹/𝑚 is the permittivity [19],𝛽 =
94.92 × 103(𝑟𝑎𝑑/𝑠)2 is the natural frequency of the 

system that can be obtained by the free decay 

experiment, and δ=1.007 is the ratio of the amplitude 

before and after the free decay experiment [2].                               

Weight (W) 

Studied system �⃗⃗�  

Lift (𝑳𝒁) 
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3 Results and discussions 

As mentioned in section 2, the upper and lower 

cantilevered piezoelectric plates in different wind 

speeds (U) were very similar, and they excite 

simultaneously to generate a voltage (Vg) because of 

their symmetrical configuration. In another word, the 

relationships between the generated voltage and airflow 

from the upper and lower piezoelectric plates were the 

same. So, one piezoelectric plate was used to evaluate 

the output parameters of the IC-PWEHs in this study. In 

this direction, the influence of the below estimation 

parameters on the vibration behaviors will be studied 

through simulation. In this section, we will study 

numerically the relationship between the wind speed 

and the vibration displacement/generated voltage with 

different cylindrical shell mass and piezoelectric 

transducer mass. 

        To verify the feasibility of the model, to show the 

influence of the mass of the cylindrical shell, the mass 

of the piezoelectric transducer, and the wind speed on 

the output parameters of the NC-PWEH. The geometric 

parameters of the cylinder and piezoelectric, and the 

other estimate value of equations (8,9,10,11,12) in Table 

1, which are used in subsequent studies: 

Table 1. parameters of cylinder and piezoelectric. 

PARAMETER SYMBOL VALUE UNIT 

THE EQUIVALENT 

STIFFNESS OF SPRING 
𝐾1 260 𝑁/𝑚 

AIR DENSITY 𝜌𝑎𝑖𝑟 1.255 𝐾𝑔/𝑚−3 

LENGTH OF 

CYLINDRICAL SHELL 
H 160 𝑚𝑚 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      Fig. 4 shows a fairly similar trend in response curves 

of the generated voltage (V) versus wind speed (U) for 

the IC-PWEHs under a mass of cylindrical shell 

M1=160g. Nevertheless, the inclines of the relationship 

curves between V and U are slightly different between 

simulation (S) and experiment (E). Some values of S/E 

LOAD RESISTANCE R 300 KΩ 

DIAMETER OF 

CYLINDRICAL SHELL 
D 70 𝑚𝑚 

WIDTH OF 

PIEZOELECTRIC PZT-4 
𝑘𝑝 40 𝑚𝑚 

THICKNESS OF 

PIEZOELECTRIC PZT-4 
ℎ𝑝 0.2 𝑚𝑚 

 

Table 2. Estimation of some parameters. 

PARAMETER SYMBOL VALUE 

COEFFICIENT LIFT 𝐶𝐿 0.3 

LENGTH OF CYLINDRICAL 

SHELL 
𝜃 0.014 

DAMPING COEFFICIENT 𝜉 0.001 

INTERNAL CAPACITANCE (F) 𝐶𝑝 3.87× 10−8 

 

3.1 The effect of cylindrical shell mass on 
output parameters: displacement and voltage 

For the different simulations, 𝑀2 = 55g is considered as 

the standard mass of the piezoelectric as done in [13]. 

the subsequent study tested the influence of the mass of 

wind speed in the range of [5-40 m /s]. To validate the 

analytical model, it is necessary to compare the results 

of our numerical simulations with the experimental 

results of [13]. For that purpose, some points of the 

voltage experiment curves were taken and plotted by the 

MATLAB software (red stars) to note how close the two 

curves are. Fig.4 illustrates the comparison between the 

analytical model and the experimental results in the case 

of M1 = 160g. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

curves under cylindrical shell mass 160g demonstrate 

this difference: the generated voltages of 11/11.665 V, 

12/13.33 V and 20.3/22.22 V were measured at 12.5 

m/s, 15 m/s and 27.5 m/s, respectively. Also note, the 

generated voltages show an increasing trend as the wind 

speed increases. The maximum generated voltage (peak 

 

Fig. 4. Performance comparison between the analytical model and experimental results of [13] in the case of voltage 

output for 𝑴𝟏= 160g 
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voltage) of 37.2 V was observed when the wind speed 

was increased to 37.5 m/s, for the IC-PWEHs under the 

cylindrical shell mass of 160g. It meant that there is an  

optimum wind speed about 37 m/s to obtain the 

maximum generated voltage of the cylindrical shell. In 

sum, the variation of the results of the experiment 

coincides with the curve of the proposed analytical 

   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    Fig. 5 illustrates the vibration displacement of the 

cylindrical shell versus wind speed for the IC-PWEHs 

under different mass of cylindrical shell (M1). The 

analytical results depict that in the range of wind speed 

[5-40m/s].  The displacement of cylindrical shell shows 

an increasing trend as the wind speed increases. And the 

vibration displacement demonstrates an increasing trend 

as the wind speed decreases like what was found by the 

experience of [13]. The maximum vibration 

displacement of cylindrical shell was increased from 1.1 

mm to 1.7 mm with the decreasing shell mass from 390 

g to 160 g, which were measured at 35 m/s and 37.5 m/s, 

respectively. Similarly, the displacement presented a  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

model at most points. The slight difference between 

results could be due to errors associated with measuring 

devices and the proposed model successfully prophesies 

the full trend of the response curve of the voltage output  

experiment. An equivalent observation for the other 

mass 275g and 390g [13]. 

      The following Fig.5 shows the variation of the 

displacement of the cylindrical shell according to wind 

speed under different mass (160g, 275g, 390g). 

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      

 

 

 

 

 

 

rapidly reducing trend at high wind speed about 37.5 

m/s, which was similar to the relationship between the 

generated voltage and wind speed. In addition, the 

output vibration displacement and voltage were affected 

by the mass of cylindrical shell. And there is an optimum 

wind speed about 37.5 m/s and an optimum shell mass 

about 160 g to obtain the maximum vibration 

displacement. In abridgment, the simulated vibration 

displacement agrees well with the experimental results, 

which verifies the fidelity of the present mathematical 

model. 

      A comparison of the responses of cylindrical shell 

and piezoelectric is shown in Fig 6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5. Variation displacement of the cylindrical shell according to wind speed under different mass 

 

 

Fig. 6. Performance comparison between the cylindrical shell and piezoelectric transducer of [13] in the event of displacement output 

for 𝑴𝟏 = 160g. 
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      The oscillation amplitude of the cylindrical shell and 

piezoelectric transducer grows slowly until wind speed 

15m/s, but after this value of speed, we observed that the 

variation of the amplitude of piezoelectric is far 

exceeding than a cylindrical shell with the increase of 

wind speed. In another word, the piezoelectric 

transducer attenuates the oscillation of the cylindrical 

shell, so it is important to take into account this aspect 

in a practical implementation such as deciding on the 

size of the piezoelectric transducer and placing it inside 

the cylinder. 

3.2 The effect of piezoelectric transducer mass 
on output parameters  

For this current simulation, 𝑀1=160g is considered as 

the standard mass of the cylindrical shell as done in [13]. 

Changing the piezoelectric transducer mass 𝑀2 

influence the amplitude and frequency of the  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      For greater precision, the voltage generated at height 

gradually increased from 21.24 V to 21.57 V with 

increasing the mass of the transducer from 45 g to 55 g, 

then gradually decreased from 21.57 V to 20.91 V with 

increasing transducer mass to 65 g. Our analytical model 

follows a working rule equivalent to the experimental 

model which summarizes there the generated voltage 

increased first, then decreased with the increase in the 

mass of the piezoelectric transducer. the differences 

between the models just at the level of the value of the 

optimal mass. The analytical model is 𝑀2 = 55g but by 

experience was 𝑀2= 65g [13]. 

      These results indicated the proximity between the 

analytical model and therefore the experiment, despite 

the small deviation from the optimal mass level obtained 

both from the experiment and from the mathematical 

model. This discrepancy is often explained by errors in 

estimates of system parameters and system coupling. 

More clearly, the optimum mass is influenced by such 

as the stiffness of the piezoelectric transducer, the 

piezoelectric transducer, which could indirectly affect 

 the output voltage. Thus, in the following simulation, 

the effect of the mass of the piezoelectric transducer and 

the wind speed on the performance of the generation 

voltage was studied by comparing our analytical results 

with those of the experiments carried out by [13]. Fig. 7 

shows the voltage variation of the NC-PWEH as a 

function of the wind speed under different masses of the 

piezoelectric transducer 𝑀2. The results obtained 

showed that with the increase in wind speed, the 

tendency of the tension generated by the height also 

increased, as shown by experience [13]. The increase in 

the mass of the piezoelectric shows that there is an 

optimal mass. for example, the maximum generated 

voltage of 21.57 V given by 𝑀2 = 55g with a wind speed 

of 40 m/s. For the other values, the height generated 

voltages of 21.24 V and 20.91 V at the same speed of 40 

m/s under a piezoelectric transducer mass of 45g and 

65g, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Strouhal number St especially when the beam is thin, 

and contact between beam and PZT. 

4 Conclusion 

This paper investigates an analytical model to 

describe the energy harvesting and behavior of indirect 

contact piezoelectric energy harvester, subjected to the 

VIV for a wide range of mechanical and electrical 

excitation levels. Excellent agreement between the 

model and the experiment is found, due to the proposed 

estimation of stiffness, damping, lift coefficient, 

Strouhal number, and electromechanical coupling of the 

piezoelectric generator.   

We explained the slight difference amplitude of 3.5% by 

the errors associated with some parameters non-

considered during this study. However, as concluded in 

the literature, they can affect the output factors of 

generator piezoelectric, like the optimal value of 

 

Fig. 7. Generated voltage according to wind speed under a different mass of piezoelectric transducer. 
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piezoelectric transducer mass. Finally, we admit that 

errors in the experiment are inevitable, such as the 

contact and separation between the beam and the PZT 

and measurement errors. 
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