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Abstract

A novel square canister piezoelectric energy harvester was proposed for harvesting energy from
asphalt pavement. The square of the harvester was of great advantage to compose the harvester
array for harvesting energy from the asphalt pavement in a large scale. The open circuit voltage of
the harvester was obtained by the piezoelectric constant ds; of the piezoelectric ceramic. The
harvester is different from the cymbal harvester which works by the piezoelectric constant ds;.
The finite element model of the single harvester was constructed. The open circuit voltage in-
creased with increase of the outer load. The finite element model of the single harvester buried in
the asphalt pavement was built. The open circuit voltage, the deformation difference percent and
the stress of the ceramic of the harvester were obtained with different buried depth. The open
circuit voltage decreased when the buried depth was increased. The proper buried depth of the
harvester should be selected as 30 - 50 mm. The effects of structure parameters on the open cir-
cuit voltage were gotten. The output voltage about 64.442 V could be obtained from a single har-
vester buried under 40 mm pavement at the vehicle load of 0.7 MPa. 0.047 m] electric energy
could be gotten in the harvester. The output power was about 0.705 mW at 15 Hz vehicle load
frequency.

Keywords

Asphalt Pavement Vibration Energy, Square Canister, Piezoelectric Energy Harvester,
Finite Element Method

1. Introduction

It was a grand challenge to find the reproducible green resources for human civilization progress with the short-
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age of the traditional resources such as petroleum, coal and natural gas. Energy harvesting from wasted power
which existed in various forms such as industrial machines, structures and environment sources had been a topic
of discussion in the last decades. Energy harvesting technology could change vibration energy into electrical
energy by recycling wasted vibration energy [1]. Methods of energy conversion of vibration to electrical energy
were piezoelectric, electromagnetic and electrostatic [2]-[4]. It had been proved that piezoelectric transducers
were more suitable for vibration to electrical energy converters. In addition to the advantage of being smaller
and lighter the piezoelectric had three times higher energy density as compared to their counterparts electrostatic
and electromagnetics [5]. Asphalt pavement was widely used in many countries. In china the mileages of the
asphalt pavement were about 641,900 km at the end of 2012 [6]. When many vehicles moved on the asphalt
pavement, the loads of the vehicles could cause vibration in the asphalt pavement. When piezoelectric transduc-
ers were buried in the pavement, the vibration energy could be converted into electric energy. In the last decades,
many researches in the world started to study the technology of piezoelectric energy harvesting from the asphalt
pavement. In 2008, a piezoelectric energy harvesting system named as IPEG™ was designed and used by Israe-
lis researches [7]. The system could produce up to 0.4 MW/KM electric energies in the bidirectional roadways
when the traffics were about 600 vehicles in an hour. Literature [8] studied piezoelectric energy conversion effi-
ciency. Literature [9] invented a shoe which could produce electric energy. The shoe could produce about 80
mW energy. Literature [10] invented an intellectual floor which could convert piezoelectric energy into electric
energy. Literature [11] studied a cymbal transducer buried in the asphalt pavement. The transducer could harvest
vibration energy in the asphalt pavement. The cymbal transducer worked by using the tangential piezoelectric
constant coefficient ds;. The electromechanical coupling coefficient of the cymbal transducer was not high. Li-
terature [12] designed a drum transducer which worked by using the longitudinal piezoelectric constant parame-
ter dsa. The electromechanical coupling coefficient of the drum transducer was higher than that of the cymbal
transducer.

For harvesting vibration energy in the asphalt pavement effectively in a large scale, a square canister piezoe-
lectric energy harvester was proposed. The harvester worked by using the piezoelectric constant ds3. Because of
narrow space in the asphalt pavement, the harvester should be arrayed in rectangle. So in contrast to the circle
harvester, the square harvester could economize space in the asphalt pavement and advance total electric power.

The paper firstly studied the vibration characteristic of the harvester by FEM. The effect of the outer load on
the open circuit voltage of the harvester was analyzed. Then the harvesting capability of the harvester which was
buried in the asphalt pavement was analyzed and the effect of different burying depth in the asphalt pavement
was analyzed. Lastly the effect of all structure parameters on the open circuit voltage was studied.

2. Structure and Principle of the Harvester

The structure of the harvester was shown in Figure 1. The harvester was composed of a square steel ring, two
square steel sheets and two piezoelectric ceramics. All parts were clung each other by using glue. The dimen-
sions of the harvester were shown in Figure 1. The material of the piezoelectric ceramic was PZT-8. The ce-
ramic was polarized along the thickness direction and the polarization direction was shown in Figure 1. When
the outer load was applied on the plate of the ceramic the internal electrical charge was generated. Because the
harvester was buried in the asphalt pavement stainless steel was selected as the material of the ring and sheet to
avoid rust. The harvester was arranged in rectangle shape shown in Figure 2. The rectangle arrangement could
economize the space of the asphalt pavement and advance total generation energy.

The mode of harvesting vibration energy from the asphalt pavement using piezoelectric harvester was shown
in Figure 3.

When moving vehicles passed on the asphalt pavement, the loads of vehicles could cause strain stored in the
asphalt pavement as strain energy. The strain energy would dissipate through vibration as waste thermal energy.
For utilizing the waste energy the asphalt pavements with piezoelectric harvester were constructed to transform
the waste energy into useful electric energy.

3. Piezoelectric Effect of the Harvester

The piezoelectric effect was understood as the linear electromechanical interaction between the mechanical and
the electrical state in piezoelectric ceramic. The piezoelectric effect was a reversible process exhibiting the di-
rect piezoelectric effect (the internal generation of electrical charge resulting from an applied mechanical force)
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Figure 1. Structure of the harvester.

Figure 2. The harvester arrangement buried under the asphalt
pavement.
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Figure 3. The harvester arrangement buried under the asphalt
pavement.

and the reverse piezoelectric effect (the internal generation of a mechanical strain resulting from an applied
electrical field). The piezoelectric equation of the harvester which buried in the asphalt pavement could be de-
scribed as Equations (1) and (2).

S, =s5T +d,E, @)

ij ]
Dm = mej + ‘C"r-lr-m En (2)

where i, j=1,2,34,56;m,n=123, D was the electric displacement; E was electric field intensity; d was the
piezoelectric constant matrix; S was the strain tensor; T was the stress tensor; &' was the dielectric constant
tensor tested at constant stress condition; st was the compliance tensor tested at constant electric field intensi-
ty condition.

When the harvester was buried in the asphalt pavement, the direct piezoelectric effect could be used to trans-
form the vibration energy into the electric energy. In the condition the outer electric field intensity E = 0. When
the vertical loads of vehicles were applied on the asphalt pavement, the direction of the loads was accord with
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the polarization direction along thickness of the piezoelectric ceramic. The Equation (2) could be described as
the Equation (3).

6

D, =Y d,T, 3)

i=1

From the relation of D and E the Equation (4) could be concluded.
6
E, = Ds/nggo = stiTi /5:50 4)
i=1

where, g, was the permittivity of vacuum; & was the relative permittivity. So the open circuit voltage V,
at the thickness direction of the ceramic could be concluded as the Equation (5).

6 .d,T
V; = |E,dm=>" | =2dm 5
3 _[ 3 ;J.g;rgo ( )
where m was the thickness of the piezoelectric ceramic. In Figure 1 we could conclude that m=H,.
The electric energy stored in the harvester could be concluded as the Equation (6).

1V2 & &yA

1
U=—0qg,E.Am=— 6
2Q3 3 5 (6)

where A was the area of the piezoelectric ceramic. In Figure 1 we could conclude that A=L,xL,.

4. Finite Element Analysis of the Single Harvester

Finite element software ANSY'S was used to analyze the open circuit voltage of the harvester with different out-
er load. The initial structure parameters of the harvester were showed in Table 1. The materials of the steel ring
and sheet were stainless. The material properties of stainless steel were Elastic module 209 GPa, Poisson ratio
0.267 and Density 7860 kg/m®. The material of the piezoelectric ceramic was PZT-8 whose properties were
shown in Table 2.

The finite element model of the harvester was shown in Figure 4. In the model the influence of the adjoin part
was ignored and the connection of the ceramic and the steel sheet was ideal. The displacement and stress were
continual in the adjoin part.

In Figure 4 the distribution load was applied on the surface of the two ceramics. As result the open circuit
voltage was generated on the surface of the two ceramics. When the outer load was 2000 Pa, the open circuit
voltage was shown in Figure 5. The open circuit voltage on the surface of the two ceramics was equal and the
open circuit voltage was about 2.076 V.

The relation of the open circuit voltage and the outer load was shown in Figure 6. The open circuit voltage
increased with the outer load increasing.

When the harvester was buried in the asphalt pavement the harvester was deformed with the asphalt pavement
under the loads of vehicles. The boundary condition of the harvester was different from the free state of the sin-
gle harvester. So the harvester and the asphalt pavement should be analyzed as a whole. In the paper finite ele-
ment method was used to analyze the harvester buried in the asphalt pavement. When the load of a single ve-
hicle was applied on the surface of the asphalt pavement static analysis was used to analyze the deformation
state of the harvester and the asphalt pavement and the open circuit voltage. With the load of a single vehicle the
effect of the structure parameters of the harvester on the open circuit voltage was analyzed.

5. Finite Element Analysis of the Harvester Buried in the Asphalt Pavement

5.1. The Effect of the Buried Depth of the Harvester

The finite element model of the harvester buried in the asphalt pavement was shown in Figure 7. Refer to lite-
rature [11], the load of a large car was 0.7 MPa. The diameter of the load area was 213 mm. At the place of the
asphalt pavement from the load area about 500 mm, the load had no influence on the asphalt pavement. So the
diameter of the asphalt pavement was 1000 mm. The two ends of the asphalt pavement were fixed. From crite-
rion the thickness of the asphalt pavement was 150 mm, so the height of the asphalt pavement was 150 mm.
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Table 1. Initial structure parameters of the harvester.

The steel ring The ceramic The steel sheet
. Outer dimension Inner dimension
Length x Width 20 18 16
(mm) (LxL,) (LxL) (bxL)
Thickness (mm) 0.2 (H,) 0.2 (H,) 2(H,)
Table 2. Material properties of PZT-8.
parameter Value
7.124
[¢"] (10°F/m) 7.124
5.841
0 0 0 0 105 0
[d] (10™C/m*) 0 0 0 105 0 ©0
-41 -41 141 O 0 0
132 71 73 0 0 O
132 73 0 0 O
115 0 0 O
c| (10°P
[¢] (107 Pa) 3 0 0
26 0
2.6
Distribution load

Figure 4. Finite element model of the harvester.
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Figure 5. The open circuit voltage of the harvester.
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Figure 6. Effect of different outer load on the open circuit voltage.
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Figure 7. Finite element model of the harvester and the asphalt pavement.

When the harvester was buried in the asphalt pavement, we should not only pay attention to the electric ener-
gy generation capacity, but also harmony characteristic with the asphalt pavement. The harmony characteristic
was described that the deformation of the asphalt pavement with the harvester was accord with the asphalt
pavement without the harvester. Refer to Literature [11], Equation (7) was used to identify the harmony charac-
teristic.

Eo —Ew

p= x100% @

&

where p was the deformation difference percent; &, was the deformation without the harvester; ¢, was the
deformation with the harvester.

Finite element method was used to analyze the model of the harvester shown in Figure 7. The deformation of
the asphalt pavement was shown in Figure 8. The deformation was about 0.638 mm. When the buried depth of
the harvester was 10 mm, the deformation of the asphalt pavement was about 0.641 mm shown in Figure 9. The
open circuit voltage of the harvester was about 138.496 V shown in Figure 10. The maximal stress of the ce-
ramic was about 68.4 Mpa shown in Figure 11.

The open circuit voltage of the harvester with different buried depth was shown in Figure 12. In Figure 12
the open circuit voltage decreased with the buried depth increasing. The open circuit voltage with the buried
depth 40 mm was about 64.442 V.

According to the Equation (7), when the buried depth was 40 mm, the deformation difference percent p was
about —0.313%. The deformation difference percent p with different buried depth was shown in Figure 13.
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Figure 8. The deformation of the pavement without the harvester.
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Figure 9. The deformation of the pavement with the harvester.
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Figure 10. The open circuit voltage of the harvester.
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Figure 11. The stress of the harvester and the asphalt pavement.
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Figure 12. The open circuit voltage with different buried depth.
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Figure 13. The parameter p with different buried depth.

From Figure 13 we could find that p decreased with the buried depth increasing. Among the buried depth 20 -
50 mm the parameter p kept invariable. When the harvester was closer to the surface of the asphalt pavement the
influence on the asphalt pavement was more greatly.

The maximal stress of the ceramic with different depth was shown in Figure 14. From Figure 14 we could
see the maximal stress increased with the buried depth decreasing. The maximal stress was about 68.44 MPa at
the depth of 10 mm. The allowable stress of the ceramic was 60 - 100 MPa [13]. The maximal stress of the ce-
ramic was not allowed to exceed the allowable stress. When the buried depth was under 30 mm, the maximal
stress changed quickly. However the buried depth exceeded 30 mm, the maximal stress changed slowly. So the
proper buried depth of the harvester should be selected as 30 - 50 mm.

The open circuit of voltage of the harvester was about 64.422 V at the buried depth 40 mm and the single ve-
hicle load 0.7 MPa. According to the Equation (7) the electric energy of the harvester was about 0.047 mJ. The
vibration frequency of the asphalt pavement was about 15 Hz [11]. So at the frequency 15 Hz the power of the

harvester was about 0.705 mW.
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Figure 14. The maximal stress with different buried depth.

5.2. The Effects of the Structure Parameters of the Harvester

In the finite element model of the harvester shown in Figure 7, the effects of the structure parameters on the
open circuit voltage were analyzed at the buried depth 40 mm and the single vehicle load 0.7 MPa. The effect of
the ceramic length L, on the open circuit voltage was shown in Figure 15. From Figure 15 the open circuit
voltage decreased with the ceramic length L, increasing.

The effect of the ceramic thickness H, on the open circuit voltage was shown in Figure 16. From Figure
16 the open circuit voltage increased with the ceramic length H, increasing.

The effect of the steel ring inner length L, on the open circuit voltage was shown in Figure 17. From Fig-
ure 17 the open circuit voltage increased with the steel ring inner length L, increasing.

The effect of the steel ring thickness H, on the open circuit voltage was shown in Figure 18. From Figure
18 the open circuit voltage increased with the steel ring thickness H, increasing.

The effect of the steel sheet thickness H, on the open circuit voltage was shown in Figure 19. From Figure
19 the open circuit voltage decreased with the steel sheet thickness H, increasing.

According to Figures 15-19, the sensitivity of the open circuit voltage on the each structure parameter was
shown in Figure 20. The structure parameters L,, H,, H,, L;, H, were described as 1,2,3,4,5. From Fig-
ure 20 we could see that the maximal sensitivity was the ceramic thickness H,. The second was the steel ring
thickness H, and the steel sheet thickness H,. The minimum was the ceramic length L, and the steel ring
inner length L,. So the structure parameters H,, H,, H, should be adjusted to advanced the open circuit
voltage of the harvester.

According the finite method analysis the deformation difference percent p did mot change with the different
structure parameters.

6. Conclusions

1) A square canister piezoelectric energy harvester was proposed to harvest vibration energy in asphalt pave-
ment. The harvester worked by the piezoelectric constant dss.

2) The finite element model of the single harvester was constructed. By the finite element analysis the open
circuit voltage increased with the outer load increasing and the open circuit voltage on the surface of the two ce-
ramics of the harvester was about 2.076 V at the outer load 2000 Pa.

3) The finite element model of the harvester buried in the asphalt pavement was constructed. The open circuit
voltage of the harvester decreased with the buried depth increasing. When the harvester was closer to the surface
of the asphalt pavement the influence on the asphalt pavement was more greatly. The proper buried depth of the
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Figure 15. The effect of the ceramic length L3 on the open circuit voltage.
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Figure 16. The effect of the ceramic thickness H; on the open circuit voltage.
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harvester should be selected as 30 - 50 mm because the maximal stress of the ceramic was not allowed to exceed
the allowable stress.

4) The effects of the structure parameters of the harvester on the open circuit voltage were analyzed at the bu-
ried depth 40 mm and the single vehicle load 0.7 MPa. The sensitivity of the open circuit voltage on the each
structure parameter was analyzed. The sensitivity of the structure parameters H,, H,, H, was higher than
the other parameters. So these parameters should be adjusted to advance the open circuit voltage of the harve-
ster.

5) At the buried depth 40 mm, the single vehicle load 0.7 MPa and the vibration frequency of the asphalt
pavement 15 Hz, the electric energy of the harvester was about 0.047 mJ and the power of the harvester was
about 0.705 mW.
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