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A piezoelectric unimorph anemovane is proposed and analyzed for measuring precisely variation of wind direction and speed. The

proposed anemovane has various advantages, compared with general anemovane. It can detect the wind in all direction, and be

fabricated as small one. This anemovane was designed as the shape similar to a sea urchin. We use cantilevers to imitate prickles

projected on the sea urchin sphere. If the wind blows, it hit the cantilever and the pressure makes the voltage signal through the

piezoelectric unimorph bender. The simulation of the proposed system was performed using the FEM software (COMSOL Multi-

physics), and the multi-physics analysis (Fluid mechanics, Mechanics and Electrostatics) was executed by considering real boundary

conditions. Based on FEM analysis of the new anemovane with the new structure and control method, the characteristics between

the fluid and the piezoelectric unimorph bender was comprehended. The possibility of the proposed anemovane was verified through

the fabrication and the experiment.
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1. Introduction

Meteorological observations of weather in modern life, has had a

significant impact on all sectors of society and everyday life.

Meteorological observation differs from the observation of other

natural phenomena. Because the weather always changes, temporal and

spatial elements should be considered. By measuring pressure,

humidity, wind speed in real time from each location, and

understanding the state of the atmosphere, accurate weather

observation is possible.

Recently, anemovanes of various forms have been developed for

measuring the change of the wind, which is one of the core elements

of the meteorological observation. As a general anemovane, there is a

rotating anemovane, thermal field variable anemovane, and ultrasonic

anemovane.1-3 These anemovane have the demerits that it has the slow

response ability and the limited measuring range. Furthermore, the

wind velocity and direction should be measured separately.

Specifically, new systems have been developed for improving the

existing anemovane. In the research using MEMS (Micro electro

Mechanical Systems), there are a anemovane using the cantilever

sensor, a anemovane of thermal sensing type, a anemovane using

thermal flow sensor, and so on.4-6 In the case using piezoelectric effect,

there are anemovane using the ultrasonic wave or the displacement of

the piezoceramic and so on.7-9

Accordingly, in this research, a new 3-dimensional measurement

system was proposed using the piezoelectric unimorph bender with fast

response characteristics.10 The proposed anemovane have the shape

similar to a sea urchin. It consist the many cantilever and the body of

sphere shape. The cantilever is piezoelectric unimorph bender for

sensing the wind, and is composed of the lamination structure of

piezoelectric material and stainless steel. When the flow of the

generated air in the atmosphere propagates on the piezoelectric

unimorph bender, the wind pressure is generated between the air and

the piezoelectric unimorph bender. The pressure makes the voltage

signal through the piezoelectric unimorph bender. By analyzing the

output values in each location, the wind velocity and direction can be

decided. In this paper, the theoretical prediction model composed of the

design parameters of the piezoelectric unimoph bender, was

considered, and then the tendency of the theoretical prediction was

confirmed by using the multi-physics simulation. Finally the

application feasibility of this system was verified through experiments

in the real environment.
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2. Theory

In this research, the piezoelectric bender constitutive relation should

be applied for optimal design because the shape of the cantilever sensor

is unimorphic. That is, the piezoelectric material constitutive relation

can be written using Voigt notation as follows:

(1)

These equations are transformed into the relation between force-like

variables and displacement-like variables by applying several

assumptions and boundary conditions. The unimorphic piezoelectric

equations are follows.11 In this equation, the external pressure by the

wind is assumed to be equal to the equivalent force over the cantilever

surface area.

(2)

(3)

(4)

(5)

Where,

Thickness ratio (Elastic layer over piezoelectric layer)

Compliance (Young’s modulus) ratio

Electromechanical coupling factor

Length ratio

(Piezoelectric layer length over Elastic layer length)

These equations should be modified for sensor applications. That is,

internal variables are voltage and displacement.

(6)

If open circuit is assumed as q=0, output terminal voltage is derived

as follows

(7)

In this equation, design parameters are length ratio, thickness ratio,

and compliance ratio between piezoelectric layer and elastic layer. That

is, if the sensor is analyzed theoretically, length ratio should be small

in order to increase output voltage. Additionally, if material constant is

fixed, following equation is expressed with shape factor for optimal

design.

(8)

If k2 is assumed as 0.137 in PZT and η is assumed as 1.6 in

SUS304, Fig. 3 is plotted. Therefore, the thickness of the piezoelectric

should be designed thin than SUS304. Also, as shown in the formula

mentioned above, the length of the piezoelectric should be short than

SUS304.
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Fig. 1 The schematic diagram of proposed anemovane system

Fig. 2 The schematic diagram of the piezoelectric unimorph bender

Fig. 3 The shape factor according to thickness ratio of the SUS304 and

PZT
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3. The Multi-Physics Simulation

3.1 Multi-physical model of the piezoelectric unimorph cantilever

The simulation of the proposed system was performed using

COMSOL Multi-physics. Fig. 4 shows the multi-physical model of the

proposed system on finite element method. The multi-physics model

consists of the piezoelectric, SUS304 (Stainless Use steel) and the

turbulent fluids. In order to output the electrical signals, the

piezoelectric module is used. To assume the atmospheric air, turbulent

condition was applied. This multi-physical model is a combination of

the piezoelectric, structural, and fluid phenomenon, where each

physical quantity is coupled at its boundaries. For example, when the

wind blows, it hits the piezoelectric unimorph. At this point, the

pressure is generated according to the area of PZT-SUS304. The

structural deformation of PZT-SUS304 is generated by the pressure and

the output voltage is generated from the PZT.12

The flow of the air is modeled as the turbulent fluid based on the

Reynolds number (Re). In order to model the interaction between flow

medium and structure, the boundaries of PZT-SUS304 contacted with

air are loaded as the wind pressure. The boundary conditions of the

PZT plate and the SUS304 plate are as shown in Fig. 5. SUS304

diaphragm is assume to be linear elastic model; hence the fixed

displacement condition is applied to the one end side of SUS304 plate

while the free displacement condition is applied to top and bottom of

the Si diaphragm. The top of PZT plate is connected into the output

voltage terminal for measuring the value according to pressure and

displacement, and the bottom of PZT unimorph is grounded.

Additionally, the zero charge conditions are applied to two sides of the

PZT diaphragm because any charge does not exist at the sides of PZT

diaphragm in the ideal model.

3.2 Analysis of multi-physical simulation

The static analysis was performed for understanding the tendency

on the theory, and fix condition, wind velocity was applied 1 m/s and

wind direction was applied only the forward direction at 1 atm. The

simulation was performed as shown in Table 1 and the simulation

results are shown in Fig. 6. The sweep analysis step 1 and step 2, was

performed depending on the length of PZT and SUS304. When the

PZT length is short, the output values are increased. But, the PZT

length has the maximum value at a particular length; 4 mm. When the

SUS304 length is long, the output values are increased. It means that

the stress is increased in the PZT, because of the increased wind

pressure according to the area of the SUS. At the step 1 and step 2, The

PZT length of the maximum output voltage was applied to the step 3.

In the case of SUS304, there is no particular value. So, the first

SUS304 length was applied to the step 3. The sweep analysis of step

3 was performed depending on the thickness of PZT and SUS304.

When the PZT thickness was thicker than the SUS304 thickness, the

output value is increased. But when the PZT thickness was increased

over the particular value; 0.15 mm, the output value is decreased. It

means that the generated stress have not an effect on the increased PZT

thickness. The sweep analysis of step 4 was performed the width of

PZT and SUS304 at the same time. When the width was increased, the

output values are high. But, when considering the three-dimensional

shapes of the entire system, the width should not be too wide.

Fig. 4 Multi-physical model of the proposed anemovane Fig. 5 Boundary conditions of PZT and SUS

Table 1 The simulation step

(mm) PZT Thickness PZT Length PZT Width SUS304 Thickness SUS304 Length SUS304 Width

Step 1 0.15 Sweep Analysis 10 0.15 40 10

Step 2 0.15 Result of 1 Step 10 0.15 Sweep Analysis 10

Step 3 Sweep Analysis Result of 1 Step 10 Sweep Analysis 40 10

Step 4 0.15 Result of 1 Step Sweep Analysis 0.15 40 Sweep Analysis

Fig. 6 Experiment equipment and output signal
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4. Experiment

Fig. 6 shows the experiment equipment for confirming the

interaction of the fluid and the piezoelectric unimorph bender. The

piezoelectric unimorph bender was fabricated as the same dimension

with the simulation. In order to measure the output voltage, the

oscilloscope was used. Also, the anti-vibration table was used to

prevent from the external vibrations other than the wind. Also, the air-

gun was used for generating the momentary wind and the anemometer

for measuring the wind velocity. The one end of bender should be fixed

as shown in the simulation. But, the fabricated piezoelectric unimorph

bender can’t be fixed bonding only because of thin thickness. So, the

piezoelectric unimorph bender was fabricated longer than real size and

this part was fixed using support fixture. As the experiment procedure,

the anemometer set beside the support fixtures, the average velocity by

the air gun is controlled, and the wind is sprayed to the piezoelectric

unimorph bender. In this way, the experiment was performed as the

same procedure with the simulation from the step 1 to the step 4. The

five specimens were fabricated for each step. As shown in Fig 6(c), the

output signal was measured by constant cycle. Then the maximum

output values for each cycle was calculated and recorded by the

average value. As shown in Fig. 7, the comparison between the

experimental results and simulation shows analogous patter, but there

is a difference at step 4 and step 2. Its origin is expected that it was

static analysis and damping effect was neglected. In the case of step 2,

when the length of SUS304 is increased, the vibration was often

generated. At this time, it is expected that the stress by wind pressure

was decreased.

5. Conclusion

In this paper, a new anemovane with the piezoelectric unimorph

bender was proposed for measuring the wind velocity and 3-

dimensional wind direction. And the application feasibility of this

system was verified through experiment. The design parameter

following the theory was selected, and the sweep analysis was

performed. In the experimental results, the output voltage was

generated greater than the simulation. The reason for this is expected

that the damping effect was not applied to the simulation and the

characteristics with respect to the time didn’t be considered. Another

reason is that the difference in the fixing method of the simulation and

the real specimen. But, it could be check that the comparison graph

between the simulation and the experiment had the similar tendency. In

the future, the study which improves the sensitivity will be performed

through the optimal design and the material analysis.
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