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Abstract

Energy harvesting technologies have drawn much attention as an alternative power
source of roadway accessories in different scales. Piezoelectric energy harvesting
consisting of PZT piezoceraodisks sealed in a protective package is developed in this
work to harness the deformation energy of pavement induced by traveling vehicles and
generate electrical energy. Six energy harvesters are fabricated and installed at the weigh
station on 481 atTroutville, VA to perform orsite evaluation. The electrical

performance of the installed harvesters is evaluated by measuring the output voltage and
current generated under real traffic. Instant and average power outputs are calculated
from the measuredaveforms of output voltage and current. The analysis of the testing
results shows that the electrical productivity of the energy harvesters are highly relevant
to the axle configuration and magnitude of passing vehicles. The energy transmission

efficiencyof the energy harvester is also assessed.
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1 Introduction

1.1 Energy Harvesting Technologies

Many researchers show graéatierest inthe energy harvestiytechnologyas a new

source of clean energy and power supglglectronics in enclosed environmenhiey

have proposed different energy harvesters converting ambient energy into useable
electrical energy’ 2 Thermoelectric, electromagnetjhotovoltaic, and piezoelectric

are the four energy harvesting technologies which draw most attention among the energy
converting technologies. I n DuToit et al
technologies is compared in terms of power dgriit Figure 1 illustrates a summary of

the comparison. The peak productivity of photovoltaic technology is much greater than
others. Howevelfs energy productivity can be maximizedly under direct sunlight

during a certain time period of a day. Tgreductivity is limited under low illumination
conditions, like during a cloudy day or in a tunnel. Other than the photovoltaic
technology under certain condition, piezoelectric energy harvestihgnsost

productiveone

When a car traveling on the pavement, part of its power supplied by burning gasoline will
be transformed into deformation and vibration of the pavement. A portion of these energy
will be lost in the form of heat. There are approximately 250 million vehrelgistered

in the United States. Piezoelectric material is able to capture the excess deformation and
vibrationinducedby these vehicles and convert them into electrical energy. The

converted electrical energy could be a power source of many transpoerédated



electronic devices. The purpose of thisjectis to develop a piezoel&ic energy

harvesting systeras an innovative clean power source availabl@ublic roadways.

Power densities of four energy harvesting technologies
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Figurel. Chart. The comparison of the outputyes of four energy hanating

technologies (Voigt et alf!

1.2 Piezoelectric Energy Harvesting

In regularcrystallinepiezoelectric materials, there are many electric dipolés When
anelectric field is applied on the piezoelectric materia, ¢lectric dipoleare aligned to

a certain directionThis process is called polarization and the directions that dipoles
aligned to is called poling directioWhen a stress is applied to the poling direction of the
piezoelectric material, the displacent of inner electric dipoles will create an electric
potential on the two poles of the material. When the two poles are connected to an
electric loading, the electric potential energy stored in the material is released. This

phenomenon is called piezodiéaty.



Piezoelectric materials with different properties are used in different applic&tions
Piezoceramic lead zirconate titanate, or known as PZT is widely used in many designs of
energy harvestefd As a brittle material, PZT has low strain erahce and its

application is limited. C.S. Lee et al. have developed a Poly Vinylidene Fluoride (PVDF)
film in their work which is coated with poly (3;ethylenedioxythiophene)/poly (4
styrenesulfonate) [PEDOT/PSS] electralfeg/ith great flexibility, PVDF is capable of

enduring large strains.

A number of energy harvesters utilizing piezoelectric technology have been proposed
with various mechanisms of energy conversion. In the study by S. Roualdytie¢

authors purposed a piezoelectric energy harvester to harvest energy from viBration
Afterward, Y.B. Jeon et al. have designed an energy harvester with piezoceramic thin
films mounted on a cantilever beam. 1.W of average power has been gerfieratellis
170pm x260pm beamshaped energy harvest€The cantilever beam transfers the
vertical force to the mounted thin films. The thin films are deformed transversely and the
electric potential is created. Such method of energy conversion wad aar8émode.
Another method in which the piezoceramic generates electrical energy from the force
applied along its direction of polarization. This method was introduced by N. E. duToit et
al. in their study and it is named as®®de!® In Twiefeletal 6 s st udy, t he
that the productivity of a 3tnode energy harvester is maximized when the cantilever
beam vibrates with its resonant frequency. However, the output drops dramatically when

the vibrating frequency deviates from the resonant freqy of the systenit

aut |



2 Designs of Piezoelectric Energy Harvester for Public Roadways

2.1 Selection of Coupling Modes

2.1.1 Introduction of 33 -and 31- Mode.

In piezoelectrienergy harvestintechnologiesthere are typically twooupling modes
which are33- and31- mode The concepts of 3inode and 3-modeintroduced by

Anton, S. and Sodano, B areillustrated in Figure 2.

Figure2. Chart.The illustration of 33(left) and 31 (right) coupling mode of

piezoelectric energlyarvesting.

Under31-mode, piezoelectric material generates electric energy from transverse
displacement-or harvester generating energy undem3@de the piezoelectrienaterial
is usuallydeformedalong its polingdirection The number of exited eleatrcharges, Q,

on its pole planesan be calculated as:
Q=Fd,
Figure3. Equation. Excited charge$ 33mode.

where F is the force aapddkispeedoelectncchage mat er i al

constant in 33node The voltagegenerated can be calculated as:
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ab

Figure4. Equation. 3anode voltage generation

where gsis the piezoelectric voltage constant ini3®de.dss and gz are

interchangeable with relative dielectric constahtand vacuum dieteric constant(s:

Figure5. Equation. Inteshanging equation ofsgand ds.

Under 31mode piezoelectrianaterials are usuallyeformedperpendicular to its
polarization direction. Theumber of excitegharge, Q, on both polarization planesn

be calculated as:

Q  Fdzy

ab bc

Figure6. Equation Excitedcharges of 31node.

The voltage generated can be calculated as:

=F.931
b

Vv

Figure7. Equation. 3dmode vdtage generation.



In the application considered here the ambient mechanical vibration is derived from
vehicles of various sizes and speeds traveling over the roadway. This provides a periodic

motion to the pavement that in turn causes deflectionarstiface of the road.

2.1.2 Simple Output Prediction

To select the right coupling mode as a basic concept of build an energy harvesting

system, a simple prediction of the electric output of energy harvester under these two

modes are performed.

The plot of reaimeasured strain is shown as followirfgigure 8. Showsa set of strain

datacollectedfrom real pavemertty WF12sensor The measurements were taken at

three inchebelow the surface
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Figure8. Chart. $rain plots measured by WF12 sensor



The power atput energy is obtained from multiplying the power by time and substituting
the force element bytress and crossection areaThe total energy generated can be

calculated as:
Wiz = f;é (d33933Ysse3;abc)dt
Figure9. Equation. Energy generated of-B®de using strain data
Only the straing timedependent, and then the energy generated can be exmsssed
Wis = %(d;agn}’fsabcj [y &t

Figurel0. Equation. Energy generated of8®de

To obtain the integration of the squared strain in 8 seconds, the measured strain will be

squared first. The plot of squared strain is showRigure 11

Strain? (10-12)

I o U U U 1 1

-1.8 59000002 2.2 4.2 6.2 8.2

Time (sec)

Figurell Chart.The squared strain using to calculate the power dutpu



The approximated integration of the product of strain and time drogim to 8.121
seconds is 2.7407 (mm/mm)?x sec.The generated energy computed froms #guation
is 0.017 joules. Since the modulus of a pavement is a constant, the strain edaiaty/to
the stress applied. Therefore, in 830de, the energy production of a piezoelectric

energy harvester is proportional to the stress applied on it.

Under31-mode, piezoelectric material generates electric energy from transverse
displacement. Thproductivityis maximized when the carrier vibrates with its resonant
frequencyFr om D. | nthreavibratisn ampglitude of a cantilevbeam excited

by the passenger cars cansiraply expressed a8

y(t) = (0.01)sinw,t

Figurel2. Equation. Vibration amplitude of a simple cantilever beam

where

wp = v( fom ) ( : )(h‘mr) (zn md) = 0.2909v rad/s

hour/ \0.006km./ \3600s cyele

Figure13. Equation. Empirical equation ekcitationfrequency of vehicle travelling on

pavement

InFigure1l3 Vv represents t he v erdpresehtstiieexcitatoh oci ty i
amplitude, which vari es Snintche eixtcd st acto nocnl ufdreedq
productivity of an energy harvester underrBdde is proportional to the excitation

amplitude, the power output of the harvester is dependivg@m i c| ebés speed. Un



random traffic, the power output will change sinusoidally. To have a more stable power
output, this study purposed to design a piezoelectric energy harvester which converts

energy under 38ode.

2.2 Piezoelectric Material

2.2.1 Material Clas sification

Piezoelectric materials can be classified into the following categories: 1) single
crystalline material (as quartz); 2) piezoceramics (as PZTs); 3) piezoelectric
semiconductor (as Zn 4) polymer (as PVDF); 5) piezoelectric composites; and 6)
glass ceramics (as43i20s, BaTiSiOg). These different types of piezoelectric materials

have different piezoelectric and mechanical properties.

As a result of its high cost effectiveness, leadonatetitanate (PZT) has been a
competitive candidatim many applications among the commercial produatsl it also

can be built into any shape conveniently.

2.2.2 Material P roperties
There is a wide variety of commercial piezoceramics in the market. Understanding the
significance of their parameters is necessary for selecting the energy harvesting material.

Material with appropriate parameters can convert the energy more efficient.



Material properties of the piezoelectric materials are important factors to energy

conversion efficiency. Many studies have explained that the piezoelectric charge constant
(effective piezoelectric strain constant), d, and the piezoelectric voltagapmstare

governing the magnitude die energy conversion proce8%.13 They are expressed as

d33 and g33in 38ode. Accordingtothetesn g r esul t s uwdérthEsamarr K 6 s w
condition, the productivity of an energy harvester is greaterhigger piezoelectric

coefficients (d and d}* The author has also concluded that, a smaller elastic compliance
contributes to a greater energy productivity
study, quality factor, Q, is proved as another impurtacor to the energy productivity.

151 The piezoelectric material with greater quality factor endures less damping during the

energy conversion. Such damping causes the generation of heat during the energy

conversion process. As a conclusion, energydsters with higher quality factor are

more efficient on energy conversion. Therefoohuild an efficient energy harvesting

system, piezoelectric material with higher piezoelectric coefficients, lower elastic

compliance and higher quality factor shobklselected.

2.2.3 Piezoelectric Material Selection
Obviously,from the equation listed in Figurg, 4, 6and7, theelectrical productivity of

a piezoelectrienaterialis highly depending odss, ds3, g1, and ga.

There are tremendous numbers of piezanergroducts which are suitable for different
applications.Commercial product of piezoelectric material froeven piezoceramic
companies including APC International Ltd., PCB Piezotronics Inc., Piezo Systems Inc.,

MIDE, Piezo Technologies, Ceracomp avidrgan Electro Ceramiosereinvestigated

10



based on the information provided their web pagesTheir PZT products and the

piezoelectric properties eaindidate products are listedTable 1. All the information

listed has been filtered and some produgth inappropriate parameter are not

considered as the candidate energy harvesting matetias study The permittivity has

not been compared because there are only few companies have providegiduct

from APC is selected because of tHast shipping and lower price.

Tablel. The candidate piezoceramics for energy harvesting

Piezoelectric Piezoelectrig
Charge Electromechanica Voltage
Company | Product ID Constar?t(eb Coupling Constant Qm
102 CIN) ’ Factor (k3) (gs3, 10°
Vm/N)
APC 841 300 0.68 25.5 1400
850 400 0.72 248 80
HPSC 200
Ceracomp 145 1100 0.9 >1000
(Single
Crystalline)
Moraan PZT 4071 325 0.74 30 1200
g PIC 181 265 0.66 25 2000

2.3 Finite Element Analysis

This work focuses on harvesting energy from the deformation induced by traveling

vehicles. To work properly under a hitgvel stress and in a real pavement, the energy

harvesting system should be sealed in a protective package. This package contains all

piezoelectric materials and redistributes the applied load on the material uniformly. It

should be made from tough electric insulated material since the electrodes are integrated

into the package. Waterproof is another important feature of this packaged&zing

water into the package will result in short circuit connection and zero output. Besides the

11




protective package, it is critical to minimize the stress concentration on the brittle
piezoelectric material. Finite Element Method (FEM) analysismglactedusing
ABAQUS/Standard to find the optimal spacing and shape of piezoelectric material. In the
simulation, sene load is applied on the cover of the protective packdgesimulation is
conducted with different shapes of piezoelectric matdtram the simiation results

shown in Figure 14it is obvious that using cubic columns will cause more stress
concentration than using cylinders under the same load. Expanding the spacing of

cylinders will reduce the stress on the edge of the material.

Figurel4. Chart. FEM simulation of load distribution of energy harvester using cubic
columns(a. The simulation model; b. The simulation result) and cylinders (c. The

simulation model; d. The simulation result).

12



2.4 Protective PackagingDesign

To collect energy from the pavement being deformed, the piezoelectric energy harvester
has to be installed in the pavement. To protect the piezoelectric materials from the impact
brought by vehicles and ambient environment, they will be sealed in a p@teatkage
made from insulating material. Engineering plastic, which is insulating and able to resist
the external impact from vehicles with a long lifespan, is selected to build the package.
Also, the package has to block fluid or any other chemicatantaminants from the

hosting material. Theghouldnot have contact with any fluid which may cause the short
circuit of positive and negative poles of the material. Another function of the protective
package is transferring the stress applied by vehicligsrmly onto the piezoelectric

material to extend the lifespan of the material. Since a rshaged contacting area will

have less stress concentration on its edge than any othes, shagaezoceramic disks

are selected to build the harvester. Ak positive and negative poles of the piezoceramic

disks are connected by several copper electrode bars integrated in the protective package.

2.5 Power Managing Circuit

The extracted energy from piezoelectric endrggvestergouldbe utilized through
various waysafter being rectified, ostored in a capacitor or a battefyien t can be
connected to the electric grashdpower small electronics or traportation facilities.
Figure 15s a scheme of the potential utilization of the power output from erleegy

harvestingdevice

13
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Figurel5. Chart.The potential utilization of the piezoelectric energy harvesting power

output.

The ultimate purpose of energy harvestintpisffer a usable power source dgnverting
the ambientvastedenergyinto electrical energySince theexternal excitatiofis random
the power output from energy harvesters has vaminglitudes and frequencié¥!
Suchpower output is not compatible with the enedgynang of small andmicro-scale
electionics. The varying voltaggeneratedrom the piezoelectric material requires
rectification before being stored or used. Tbexmon solution to providesablepower
from an energy harvester addinganinterfacial circuitto it. Receriy, many researchers
havetheir focugson designing an optimized circuit for energy harvesting systentise
study byOttman, G. K. et ala classic optimizing interfacial circug developeas
shown in Figurel6.17 It consists of filter capacitomnda diode rectifierThe authors
have proposed another interfacial circuit includingtepdown DGto-DC converterto
help managing the electric output of energy harvestthghe convertecanregulate an
electric emergy flow to the targdevel, whichis safe and usable for those electronics

Guyomar D., et al. have brought up the concept of an interfacial circuit in their study

14



which iscontrolled bya switch connected to anductor*® This circuitwas named as
ASynchroni zed swdiutcctho rh a(rSvSeksit)ion.g lotn ciann s i gni
conversion efficiencwith a programmedhput signal to control the switch. Badel A. et

al. have proposed two variatiottsthe SSHIwhich areParallel SSHI (PSSHI) and

Series SSH(SSSHI)?% The voltageregulatingdevice is connected in paral{@igure

17) andin series(Figure 18§ with the piezoelectric harvester PSSHI and SSSHI,
respectively The combination of the diode capacitor and loading resistor can be replaced
by a rechargeable battery. Royret al.have proposed a simple chaqgemp circuit

which can also estimatbe energy output per cydléIn the work presented by Jeon,

Y.B. et al.,arectifier consisting of four diodes and a capacitor were teseectify the

power output® It has been mentioned that the forward voltage drop of the diodes should
be as small as possibledevelop the largest possible RGrrent. Selecting the rectifier

with low leakage current is important. Lefeuvre, E. et al. have brought up a conttept
interfacial circuit with different modules haviniifferent functiong?!! In this concept,

Module 1 rectifies th@ower output and transfersiito usable energyModule 2

optimizes the power flow from thmutput ofModule 1. Module 3(optional) carincrease

the power outpugeneratedrom the energy harvesting system unckentain

circumstances. Figure 19 a scheme of athethree modules.

15
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Figurel9. Chart.The scheme of thiaterfacial circuit for energy harvesting system.

3 Fabrication of Piezoelectric Energy Harvester
3.1 Prototype Energy Harvester

The prototype energy harvester is designed evaluatsithple tests of the purchased
piezoelectric disks. It consistaveetal cap, a metal base and a nylon tadberotective

wall (Figure 20. The piezoceamic discs are stacked in this nylon tube.

Figure20. Photo.Nylon protective wall

The nylon tube can be moudten an aluminum alloy baseatching the exterha

diameter of the tube (Figure 21

17



Figure2l. Photo. Aluminum alloy base with circular notch

The piezoceramic dis@re containeth the nylonprotective packagehe aluminum
alloy cover will distribute th load onto the disk (Figrue 22)he assembled prototype

energy harvester is shown in Figure 23.

Figure22. Photo. Aluminum alloy cap

18



Figure23. Photo. Assembled proto type piezoelectric energy btate

3.2 Assembly Design | (AD1)

ADL1 protective package is altie containsix piezoceramic disks he six disks are all
made fran PZT and in the same dimensidime thicknessf the diskss 14.35mm and

the diameter is 31.60mm. The package coneisa® aluminum base, an aluminum cover
anda protectivewall made from nylon. The PZT disks wile holdin six circular notches
milled inthe aluminum base. The diameter of the notches is 0.5mm larger than
piezoceramic disk. The disks thus canfixed in tle notches. Figure 2ahd 5 shows the
threedimensional desigof thetop view of the aluminum basiustrated using

AutoCAD. The orange parts in Figud represent the piezoceramic diskhe eight
throughholes on the base will be all threaded for Mfes/s. Thegeometricdimension of

the aluminum base plate is 224.8rf63.2mmxDmm

19



Figure24. Chart. The @ AutoCAD sketclof the base of AD1.

OO C
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Figure25. Chart.The topview of the base of the AD1.

Figure 26represents the enclosing wall which will be sandwiched between the base plate
and the cover plate. It should be made from nylon. There will be six holes with no thread
in the same locations as the threaded holes on the edge of the base plateythtend

width of the wall are the same as the base plate. The thickness is 15.35mm and the wall

thickness is 15mm.

20



Figure26. Chart. The @ AutoCAD design of the protective of the AD

Figure 27schematically depicthe cover plate made from aluminum as the base plate. It
also has eight threaded holes at the same locations and the screws can tight it and base
plate up. The bottom part of the cover plate has contact with the piezoceramic disks and

applies relative uniform kd distribution when the external excitation is not uniform.

Figure27. Chart.The 3D AutoCAD image othe cover plate of the AD1

Figure 28and29 show the threglimensional image of the assembled energy harvester
and the crassection. The aluminum cover plate and base plate are directly contacted
with the positive and negative pole of the piezoceramic disks. The two pieces of metal

plates therefore can be used as the electrodes. There are two additional threaded holes on
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thecover plate and based plate which are using to clamp the electric wire. The wire can
be put into the additional hole through a small hole on the side of the cover and base
plate.Cable attaching to short screws driven intothe two platesvith the screwPlastic
screws will be used in this design to avoid the potential slvaudit connection and high
voltage penetration. In the cressctional view shown in Figure 2e top part of the

cover plate is not contacting with the nylon wall and therefoeebbttom part of the

cover will have a good contact with the disks when the external excitation is applied.

Figure28. Chart. The @ AutoCAD designof the assembled harvester of the Design |

Figure29. Chart.The crosssectional view oAD1.

The base plate of the Design | is made from aluminum alloy. The circular notches
and the treaded holes is made and flattendd spiecial drill bits. FigureBshows the
base plate containing thrpeeces of ppzoceamic disks and Figurel3show the nylon

protective wall.
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Figure30. Photo.The base plate of the Design |

Figure31. Photo The enclosing wall of the Design |
Figure 32depicts the cover platd the design I. The cover plate is machined from a
15mmthick aluminum alloy board. Part of the edge of the board is cut off and eight
threaded holes are drilled. The hole mankéti red circle in Figure 3% using to clamp

the electric wire.
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Figure32. Photo.. The cover plate of the Design I (left) top view, (righide view

The Figure 3 shows the assembled energy harvesteraarstiownn Figure33, there is

a I-mm space between the top part of the cover plate and the enclosing wall.

Figure33. Photo.The assembled energy harvester of the Desibgit) {op view, (righ}

Cross section

3.3 Assembly Design Il (AD2)
The secod packages able tocontain 20 pieces of the piezoceramic disks. The disks are
made from PZWwith the thickness 0f10.35mm and the diamete€24985mm.The

aluminum alloy cover and base are replaced by cement cononetgto lower the cost.
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AD2 consists obcement concretease slab and aluminum cover. They will be

tightenedo each other by screws.

Figure 34showsthe AutoCAD threedimensional design of th&D2. The geometric

dimension of the slab 304.25mnx 259.4mmx 39.85mm. The @nge part in Figure 34
represents the piezoceramic disks and the green part represents the protecting tube. Each
protecting tube holds one disk, whiate connetedto a metal electrodeealed in the

concrete There are fouelectrodes in the concrete basel eaclof them holddive tubes

and disks. Thee aresix throughholesmade in the concrete fecrews and theyra

created by six plastic tubasenthe concretes setting.

Figure34. Chart.The 3D AutoCAD design of the ceméconcrete slab of the Design Il.

Figure 35is the 3D design of the aluminutover plate. There are six threaded holes for
M6 screws on the aluminum cover the screws went througheconcrete slab. The
length and the width of the cover plate are the same as the concrete slab and the thickness

is 10mm. Therés alsoan additional threaded hodéthe edge of plate to clamp the
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electric wire.Figure 36 shows the AutoCAD image of the asisied energy harvester

with cement concrete package.

Figure35.Chart.The 3D AutoCAD design othe aluminum cover plate of AD2

Figure36. Chart.The 3D AutoCAD design of the assembled enehgyvester of AD Il

A casting molds assembledo makethe cement concretbease Firstly, twenty protecting
tubes are glued onto four aluminwiectrodes using epoxy. Figure §tows the

aluminum strip with five protecting tubes attached on.
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Figure37. Photo.The aluminum strip with protecting tubes attached on.

Then sixcut PVC tubesareglued on a plastic board. It take® Hours for the epoxy to
reach80% of its maximum strength. Four wood strips are cut into pelimensions

and assembled witkcrews as an enclosing wall. Then the assembled wood strips are
glued on the plastic board by ugisilicon sealant. Figure 3®howsthe fabricated mold

for casting the cement concret@stly, the electric wires are connectibdough the hole

at one end of the metal strips which is keat with red circle in Figure 38hen the

wires connecting to the strips is brought out from the mold through a hole on one wood

strip which is markd with blue circle in Figure 38
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Figure38. Photo.The assembled mold without electric wires

The composition of modern concrete is cement, sand, gravel, water, mineral admixture
and some other additiveBremixed concrete is used to cast the cement concrete slab.
The mico fiber, shrinkage reducing and the higinge watereducing admixture are

added to ensuramall shrinkage, good workability and high strength. The Eclipse and the
ADVA140M are provided by Grace Co. as the shrinkage reducing admixture and the
waterreduéng admixture. MultiMix 80 Micro Fiber is provided by PSI Fibers. The
compositionof the mix which will be added into the pneixed concrete is shown in

Table 1
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Table2. Theamountof theaddingmix.

Premixed concretg Superplasticizer | Shrinkage reducing Fiber W
kg g g g g
10.00 20.0 35.0 4.0 1200.0

Firstly, the premixed concrete is sievad remove th@ravels with diameter larger than

9.75mm. Then the micro fiber is added into thepixed concrete mix and i stirred

for three minutes. Thethewater,the shrinkageeducing admixturandthe high-range

waterreducing admixturareadded After being stirred for about ten minutes, the fresh

concrete mix is poured into the assembled mold until it reachésytiue the screw

tunnel. At the end, the surface is flattened using a trowel. The cement concrete slab

would be set after 18 hours and the wood waksremoved. Figure 39 and dépict the

concrete slab and the assembled energy harvester of AD2.

Figure 39. Photo.The fabricated AD2 energy harvester.
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Figure40. Photo.The assembled energy harvester of AD2

3.4 Assembly Design Il (AD3)

In the Assembly Design I, the piezoceramic dislkesecontained irprotective tubes. It

wasvery challenging to fabricate 20 plastic tubes in the exact same thickness. Any one of

the tube having thickness different to other
and will cause additional stress concentrati®iseven contacting plane will lower the

power outpubf the energy harvestandthe durability of piezoelectric materiallhus the

design with protective tubes is not an optionmass productiofits fabrication cost is

also high. Assembly Design Il followslmost the same design concept of Assembly

Design Il which ha cement concrete base holdedatuminum alloy cover. Figurel4ds

the 3D modebf the Assembly Design 1build using AutoCAD.
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Figure4l. Chart.Three dimensionaliew of the Assembly Design IlI.

In Assembly Design lll, the protective tubes are replaced by a plastic board with several
holes having the same diameter of the piezoceramic Tigkcontacting planis even

and the fabrication cost iswer. The electrodes will be attachedder the plastic board.

By validatingthis design, the power output of stacking mode and siagkr mode can

be testedt the same timender the same conditianThe yellowpart in Figure 4 is the
plastic board ahthe grey part is theement concrete holder. Figur2 i the energy

harvester fabricated following Assembly Design 11l without aluminum alloy cover.
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Figure42. Photo.The fabricated energy harvester following Assembly DeBIgn

3.5 Assembly Design IV (AD4)

Theoretically, the stress distribution on the top of the piezoceramic disks is more uniform
when a preload is applied. Adding screws on the energy harvester can also restrict the
lateral movement of the cover. But in the fieddt, the energy harvesters delivered less
electricity after the screws are tightened. This reduction of the energy output could be
caused by the imperfect machining process leading to the friction between the screws and
the surroundings. To increase #@ergy output, AD4 is developed as a scfee

packaging design. AD4 has cement base holder and aluminum alloytltesame as

the previous designs. A protective board is embedded in the cement base holder of AD4.
Figure43is a threedimensimal skech of the assembled ADZhe blue part is the

aluminum alloy cover and the gray part is the cement concrete holder. The lateral
movement of the aluminum cover is restricted by a wsgaling rubber attached along

the inner sides of the cement concretieléio The color of the rubber in the sketch is
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black. The aluminum cover is slightly elevated from cement concrete holder to ensure a

better contact.

Figure43. Chart.Three dimensional view of the Assembly Design IV

AD4 hasfive parts as shown in Figure :44

1.

2.

3.

4.

5.

Aluminum alloy cover,
Water sealing rubber;
Piezoceramic disks;
Protective board;

Cement concrete holder.

The positions and the dimensions of the holes on the protective board and the thickness

of the board may vary witthe dimensions ahe piezoceramic disks. Figure é5a

picture of the actual energy harvester fabricated following AD4.
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Figure44. Chart.Three dimensional view of the Assembly Design IV (disassembled).

Figure 45shows the energy harvester fabricated following AD4 with the aluminum cover

and with the aluminum cover removed.

Figure45. Photo.The energy harvester following the concept of AD4 (left) with

aluminum cover, (right) with alumim cover removed.

3.6 Assembly Design V (AD5)
Although the cement concrete is less costly with enough stiffness to hold the
piezocer ami c dibhsarkd® carry andinstallo eedugeghdweightofythe

harvesterMDSfilled cast nylon engineering plastic is selededuild new protective
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packagenstead of the cement concr@teAD5. This type of nylon has very high

modulus of elasticity which is strong enough to hblel piezoceramic disks. Figure 46
illustratesthe three dimensional sketch of AD5. As shown in the picture, the blue part is
the aluminum alloy cover; the gray part is the plastic holder wall and the black part is the

sealing rubber.

Figure46. Chart.Three dimensional degi of the Assembly Design V

Figure 47depicts the major components of AD5, it lsésmajor parts:
1. Aluminum alloy cover;
2. Protective walls (four pieces, MBfled plastic);
3. Piezoceramic disks;
4. Protective board (PVC);
5. Base holder;

6. Water sealing rubber.
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Like ADA4, the lateral movement of the aluminum cover is restricted by the-sedéng
rubber (it allows vertical movements). Fig4i@is the actual fabricated energy harvester

following AD5. It shows the harvester with the aluminum cover and wotrerremoved.

Figure48. Photo.The energy harvester following the concept of AD5 (left) with

aluminum cover, (right) withowtluminum cover.
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3.7 Assembly Design VI (AD6)

In the previous assembly designs, duringassemblingrocess, some piezoceramic disk

d i dhave tgood contact with the aluminum cousFcaus®f thethicknesses of the
piezoceramic disks are different (eveis inder toleranceln AD6, MDS-filled-cast

nylon is used to build the covarstead of the aluminum alloy. This material have very
small deformation under loading which is enough to have good contactweiti
piezoceramidisks. Coppealloy electrodesvill be attached under the cover. The
aluminumalloy negative electrodes are also replaced by copper alloy which has a better
electric conductivity.

Figure 49s a threedimensional sketchf the assembled AD@ he cover piece is made

from MDSHilled castnylon. Asin the previous design, watsealing rubber is attached

on the inner side of the protective wall. The lateral movement of the cover piece is
limited by the rubber. The dark grey part represents the PVC material, the light grey part
represents gtnMDSHill ed cast nylon and the black pegpresents the watsealing

rubber.
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Figure49. Chart.Three dimensional view of the Assembly Design IV

ADG6 hasseven parts as shown in Figure 50
1 MDS-filled cast nylon cover;
1 Watersealing rubber;
1 Copperalloy positive (upper) and negative (lower) electrodes;
1 Protective walls;
1 Piezoceramic disks;
1 Protective board;

1 MDS-filled cast nylon base board.
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Figure50. Chart.Three dimensional view of the Assemlilgsign VI (disassembled)

Figure 51 and 52hows the disassembled PVC protective walls and the assembled one

lying on the MDSfilled-castnylon base board.

Figure51. Photo.Disassemble®VC protective walls
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Figure52. Photo.Theassembled protective walls lying on MBifled-castnylon base

board

Figure 53depictsthe MDSfilled-castnylon cover piece. The coppaloy positive

electrodes are attached on the cover and connected by one cable.

Figure53. Photo.The MDSfilled-castnylon cover with coppealloy positive electrodes

attached

Figure 3 depicts the assembled energy harvester following AD6 without the cover. The

copperalloy negative electrodes are attacheder the protective board.

40



Figure54. Photo.The assembled energy harvester following AD6 without the cover

3.8 Assembly Design VII (AD7)

The squareshape rubber has provided very strong wpteof function to the harvester
without any loading. However, a problem waascountereduring the simple test that it
still allows too much lateral movement of the cover. This material is able ttheeal
water only under enough compression. Lateral movement brings the risk that one side of
this rubber material might lose the compression. In AD7, screws and washers are
employed to provide lateral restriction. And the small cover in AD6 is replaced by a
bigger cover to eliminatthe lateral movement. Figure 55 andabé threedimensioral
sketches of the assembled AOD further increase water prdwinction, protective wall
in AD7 is going to be cut directly from a plastic board instead of adésgriour strips
together in AD7 Grooves were cut on the bottom of the cover to Hadobsitive

electrodes. Figure 5§hows the bottom view of the cover.
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Figure55. Chart Three dimensioralesignof the Assembly Design VII

AD7 hassix parts as shown in Figure:55

=

N

MDS-filled-castnylon cover;

Copperalloy positive (upper) and negative (lower) electrodes;
ChemicalresistingPVC protective walls;

Piezoceramic disks;

PVC-Foam potective board;

MDS-filled-castnylon base board.
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Figure56. Chat. Three dimensional view of the Assembly Desigh {disassembled)

Figure57. Chart.Three dimensionddottomview of the Assembly Design VI

The fabricated energy harvester following AD#heiut cover is shown in Figure 58he

cover is depited in Figure 59

43



Figure59. Photo.The cover of the fabricatezhergy harvester following AD7

The assembled energgrvester is shown in Figure .60
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Figure60. Photo.The energyharvester fabricated following AD7 (assembled).

Moving of the cableluring laboratory testand the installatiomight cause damage to

the sealing materia@roundcable. Toavoidsuch damage, plastianges is usetb

protect the end of the cable. The wide end of the flange has enough space to contain both
positive and negative calsleThe inside of the flange willebfilled with waterproof

silicone which allows enough movementto¢ cables. Epoxy provided by Virginia

Department of Transportation (VDO the wateproof silicone will be used to fix the

flange on the harvester. Figuregfows the candidate flange

45



Figure61. Photo.The candidate flange for protecting the cable exit in the Trouville

installation

3.9 Assembly Design VIl (AD8)

To improve the performance of the piezoelectric energy harvesteshaped

piezoceramic material & introduced. Assembly Design VIII is a new protective

package design for the bsinaped piezoceramic material. It has venyilsir concept to

the previous AB whichutilize engineering plastic blocks and distriethe load

uniformly by the cover. A thker copper electrodeisusedn t hi's design (1/ 80

is a threedimensional sketch of the assembled ADS.
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Figure62. Chart.Threedimensional view of the Assembly DesighN/

The material will be used to fabricatever, protective wall and base are the same. The

difference on the color is to provide a clearer view of the strucdsrehown in Figure

63, AD8 hassix parts

=

Cover(MDS-filled cast nylon,

3 positive Upper, copper alloy and3 negative @wer, copperalloy)
electrodes;

6 pezoceramidars

Protectivewall (MDS-filled cast nylon;

Protective boardLight-weight PVC foam)

Baseboard(MDS-filled cast nylon.
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Cover

Copper
Electrodes x6

Piezoceramic
Bars x6

Protective
Board

Protective
Wall

Figure63. Chart.Three dimensional view of the Assembly Design(sassembled)

To apply the load uniformly and fix its position tightly, the cover will be specially

fabricated as the sketch below.

Figure64. Chart.Three dimensional view of the cover in AD8 with positive electrodes

attacted.
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3.10 Assembly DesignX (AD9)

The testing results indicates thlaétvandering othe vehicles will result i big

difference of the output power. To have a stable power output, another longer protective
package was designed (Assembly Design IX, AD9). The length is about two times of
previous design (547mm). The width and the thickness of the package remaméehe sa
With this lengthened desigmore piezoceramic diskse incorporatetb fabricate one
harvester. There will be two different stacking methods of piezoceramic disks to
compare. 0.9nch-thick piezoceramic disk with 0.8 inch of diameter will be putia t

first harvester. Stack contains three piezoceramic disks with 0.3 inch of thickness and 0.8
inch of diameter will be used in another harvester. Figaiis the 3D illustration of

AD9.
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Figure65. Chart.Three dimensioal view of the Assembly Design 1X

The difference on the color is to provide a clearer view of the struéxpect the length
of the harvesters and the number of the piezoceramic disks, the debigsaie am

AD7. The fabricate@&nergy harvestas shownin Figure 66
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Figure66. Photo. Energy harvester fabricated following AD9.

4  Preliminary Tests

4.1 Laboratory tests of stack of piezoceramiedisk stacks

To understand the basic mechanism of the power generation of piezoahedaic,
simple tests are performed thimee stacks of piezoceramic diskbe specimen &sito
perform the tests ampplied by Shandong Zibo Piezoceramic Ltd. Guoee specimens
have been prepared as sinlglger, triplelayer and fivelayerstack ofdisks Each
specimen has copper electrodes attached and conductive wire is connected with the
electrodes. Insulating tape is used to cover the specimen. The figureshelasthe

specimen antheaccessories.
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Figure67. Phob. Piezoceramic disk specimens for simple preliminary tests (siagée,

tripple-layer and fivelayers, from left to right)

Figure68. Photo.Copper electrodes.

A customized testinffameis usedperform the testThe frame consistofan electric
shakeraforcesensoravoltage meter and a stesthbilizer. It wasnanufactured

collaborating with the Department of Mechanical Engineevingirginia Tech The
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figure below depicts the setup of the testing fraffilee specimen is placed above a force
meter and connected to a loading resistance. The force meter is set about the electric
shaker and the specimen and meter is sandwiched between the steel stabilizer and the
shaker. The testing data is collected by comaputer connected to the meters using Lab

Master software.

Figure69. Photo.The schematic of the setup of the testing frame.
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Figure71. Photo.Laptop and software interface for data collection.
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The objective of the pretests is to have a basic understanding about theprestaayre
and requirement of piezoelectric energy harvestérse stabilizer is not optized and
the stress is not evenly distributed on the surface of the specimen. The power output is

relatively low due to the neavenly distributed stress.

The voltage output data of the three specimens under cyclic loading are collected by
applying diferent loading resistance. Thegclic force data is recorded using tedel
208C02force sensor supplied by PCB Piezotronics as the voltage signal. Every 1V of

voltage signal can be converted into 90N of stress.

In the data analysis, power / fonaio is calculated from the output voltage by the
following equation. The output performance of three generators is evaluated by

comparing the P / F.
P_ JViyJFy _ JVE
F_(tRE)/(E)_RIfo

Figure72. Equation. Power/force ratio equation for the preliminary tests.

Sincepiezoceramic disks are parallel connected, the loading resistélhbe different
when the system reaches the maximum power outpuixifdefined as the loading
resistance when the power / force gaif the generator is maximumheoretically, the

RimaxOf the singlepiece generator will be the greatest one among the three generators and

55



the RmaxOf the five pieces will be the lowest. The power/force ratifive-piece

generator will have #hbest power output performareredfor singlepiece generator it

should be the smallest. The following figures are showing the plots of Power / Force

versus loading resistance of three specimens. The maximum Priglefsece

generator is about 10° watts/N. The Rax of the singlepiecegererator is not shown at
Figure73because the greatest resistance we have,
should occur around 2500 kg from tmnkke&f t heor et
singlepiece generator is the largest one. The maxn P/F of triplepiece generator is

about 3*1P watts/N,the Raxi S about 1350 koqg. -pice maxi mum P
generator is about 8*10watts/N, its Rnax is about 125K q . The testing resu
matchesthe theoretical estimation, theafdor singlepiece generator is greatest and the

Power / Force ratio for the fiveiece generator is the largest.

Power / Force Ratio of single-piece
generator with different loading resistance
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L
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Figure73. Chart. The plot oPower / Force Ratio of singllayergenerator with different

loading resistance
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Power / Force Ratio of tripple-piece
generator with different loading resistance
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Figure74. Chart The plot ofPower / Force Ratio dhreelayeredstackwith different

loading resistance

Power / Force Ratio of five-piece generator
with different loading resistance
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Figure75. Chart.The plot ofPower / Force Ratio dive-layeredstackwith different

loading resistance
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4.2 Laboratory tests of AD1harvester

The energy harvester fabricated following AD1 is tested under a Model Mobile Loading
Simulator (MMLS) It can apply cyclic loading onto the specimen installed in the testing
frame by three wheels. The wheplkeed rangesom 0 to 12 km/h(O to 50Hz). By

putting the energy harvester in between asphalt slabs provides very similar loading
condition of real pavement under real traffic. Figure 76 is a photo of the MMLS used to

perform most of the laboratory tests.

Figure76. Photo. Model Mobile Loading Simulator

The current and voltage output from the energy harvester are measured using a laptop and
a digital mutimeter manufactured by National Instrument. The measured data are

analyzed to obtain theower output. Figure 78hows theesting result®f AD1 harvester

with differentwheelspeeds andlifferent resistorsThe poweroutputincreases by

increasing thelectricalresistance of the resistor and thsting speed. The power output
shouldreacha maximum when the loadirgdectricalresistance equals to the equivalent
resistance of the harvester (470k).
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Figure77. Chart.Power output of the AD1 harvester.

4.3 Laboratory Tests of AD2 harvester

Theharvester fabricatefbllowing AD2 contains 20 pieces of paralebnnected
piezoceramic discs. The fibodyo of this haryv
made of aluminum. Due to voltage limitation of the measuring device the four metal
strips containing five discs elawere measured independently. Feji8 to Figure 81
showthe power output froreachelectrode of the harvester with different wheeeds

and loading resistance. As with the first device, the power outpéiaises by increasing

the wheebpeed and lating resistance. The maximum power of Design 2 harvester was
also not reached during testing as it will occur when the loading resistance equals to the
equivalent resistance of the harvester. The total power output was calculated by adding
up the power opiuts of the four strips. It was 8.1 x1@atts at 45 Hof wheelspeed

and 560k ohms loading resistance.
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Figure78. Chart. Poweoutput of AD2 harvester with different wheel speeds and loading

resistance (electrodes 1).
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Figure79. Chart.Power output of AD2 harvester with different wheel speeds and loading

resistance (electred 2).
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Figure80. Chart.Power output of AD2 harvester with different wheel speeds and loading

resistance (electrod&s.
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Figure81. Chart Power output of AD2 harvester with different wheel speeddaating

resistance (electrodes 4).
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4.4 Laboratory tests of AD6 harvester

4.4.1 Voltage Output T ests

To evaluate the productivity ofihvesters fabricated following AD6. The voltage output
spectrums of the harvesters were measured using the MMLS. The harvesters were tested
with different wheel speexhnd loading resistanseThree wheel speedsedduringthe

tests are 3.2 km/hr, 4.8 km/hr and 9.6 kmifrree harvesters are place in the testing.
Harvester 1 (H1), Harvester 2 (H2) and Harvester 3(H3) were placed from the right to the
left. Only the central rowof piezoceramic disks evetested in each engy harvester due

to the lack of rectifierThevoltage output spectrums were measwéd individual

harvester and combined harvestdrgerage power outputs were calculated based on the

measured voltage spectrum.

The calculated average power outpaftthe combined harvestefld1, H2 and H3) are

shown in Figuré82. Same as the previous tests, the power increases as the wheel speed
increases. When 10M Ohms were applied as the resistance, the maximum total power
outputof 0.27 mW was ofervedwith a wheéspeed of 1xm/hr. The power outputs

decrease when the loading resistance increases. The power output with 60M Ohms is the
lowest one and the one with 4.7M Ohms is very similar toindicates tha#.7M Ohms

and 60M Ohms are very different from thrguevalent resistance of tloembined

harvesters
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Figure82. Chart. The total average power outputs with different loading resistances and

wheel speeds.

Figure83 shows part of the voltage output spectrointhe combined harvester with 10M
Ohms resistor antl2 km/hrof wheel speedlhe part othe spectrum measuredthme

first four seconds is included. There are about seven pulses of voltage wave in this part
and each pulse has multiple peaks. These pakgenerated by individual harvester

The negtive voltage is a result of instant releasing of loading and the positive voltage is
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from the applied loading. Thusnly the positive voltage has been compargtke

maximum podive voltage observed is 167 V.

Voltage spectrum of combined harvesters with
10M Ohms resistor and 50 MPH of wheel speed

o

Voltage (V)

=
o
o

200
Time (s)

Figure83. Chart.The Voltage output spectrum of combined harvesters with 10M Ohms

loading resistance ari® km/hr of wheel speed.

The voltage output spectrums of each harvester are presented inGdgdBand86.
The maximum positive voltages generated by each harvester (67V, 70V and 74N) are
smaller than 167 VThus, he maximum voltage generated by combined harvester can be

explained as the result of accumulation of the voltages from individual hasvester
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Voltage spectrum of H1 with 10M Ohms
resistor and 50 MPH of wheel speed
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Figure84. Chart.Voltage output spectras of Hlwith 10M Ohms resistor ant? km/hr

of wheel speed

Voltage spectrum of H2 with 10M Ohms
resistor and 50 MPH of wheel speed
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Figure85. Chart.Voltage output spectrums of2Hvith 10M Ohms resistor ant? km/hr

of wheel speed.
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Voltage spectrum of H3 with 10M Ohms
resistor and 50 MPH of wheel speed
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Figure86. Chart. Voltage output spectrums of t#gh 10M Ohms resistor ant km/hr

of wheel speed.

The average power outputs of individual harvesters and combaredstersre listed in
Table3. The average power outgutf combined harvesteareclose to the sum of the

individual harvesters.

Table3. The average power outputs (mV) of individual harvesters and combined

harvestes with 12 km/hr of wheel speed and different resistance

ResistanceMY )| 4.7 10 20 40
H1 0.008 0.055 0.057  0.005
H2 0.013 0.038 0.012  0.028
H3 0.005 0.074 0.032  0.081
Sum 0.026 0.167 0.101 0.114
Combined 0.023  0.166 0.1 0.102
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4.4.2 Capacitor Charging Tests

The charging times for a capacitor (221F, 630V) to reackréain voltage were
measured with different loading resistance and wheel spékd testing results arsted

in Table 45 and 6

Table4. The charging times (s) for the capacitor to reach 30V, 60V and 100V with a

wheel speed o km/hrand different loading resistance.

Target Voltage | 30V 60V 100V
0 Ohm 80 169 304
10M Ohm 103 360 600
20M Ohm 91 221 569
40M Ohm 86 194 390
50M Ohm 85 180 366

Table5. The charging times (s) for the capacitor to reach 30V, 60V and 100V with a

wheel speed d km/hrand different loading resistance

Target Voltage |30V 60V 100V

0 Ohm 49 109 191
10M Ohm 50 152 600
20M Ohm 50 122 258
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40M Ohm 50 115 217

50M Ohm 50 112 215

Table6. The charging times (s) for the capacitor to reach 30V, 60V and 100V with a

wheel speed af2 km/hrand different loading resistance.

Target Voltage | 30V 60V 100V
0 Ohm 42 87 154
10M Ohm 44 112 295
20M Ohm 44 97 194
40M Ohm 44 92 176
50M Ohm 42 90 171

Shorter charging time can be obtained by using a higher wpeed. This is in

accordance witthe results obtained from voltagaitput tests. With the same wheel

speed, the charging time to reach 30V didnot
charging time decreases as increagbe loading resistance when the target voltages are

60V and 100VBut the shortest chargirigne wasobtained when the capacitor was

connected to the voltage output without any resistor. It indicates that the equivalent

resistance of the capacitor is closer to the combined harv#sathe other circuit setup

under such voltage wave.

The average power was calculated fromrtteasureadharging time. Only the power

obtained with a wheel speed I km/hris presenteth Table 7since it is obviously
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greater than the others. The average power increases when the targeivgitegeer.
The maximum power d.143 mW is obtained from charging the capacitor to 100V with

no resistor.

Table7. The average powers (mW) calculated from the charging time with different

Target Voltage, resistance and the wheel speé@ kin/hr.

Target Voltage | 30V 60V 100V

0 Ohm 0.047 0.091 0.143

10M Ohm 0.045 0.071 0.075

20M Ohm 0.045 0.082 0.113

40M Ohm 0.045 0.086 0.125

50M Ohm 0.047 0.088 0.129

4.4.3 Durability Tests

To investigate the durability of the fabricated energy harvestetsyrproof-function
tests were performed. All six fabricated harvesters were submergéditied svater tank
The increase of their mass was measured and the inside of the hawasteisually
inspected. Table Ists the results of the watgaroof function tests. The increasemass
of all harvesterss smaller than 20 gram. Thiesides othemarestill dry. Thus the

waterproof design is reliable.
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Table8. The results of the watgaroof-function tests

Harvesters H1 H2 H3 H4 H5 H6

Increase of masgg) | 16.5 14.2 154 10.8 182 13.3

Damageest is performed using the MMLBarvesters H1, H2 and H3 halveen tested
for 8 hours twice with a wheel speedStm/hrandtheloading of1.3 kN Therewasno

damage observed.

4.5 Preliminary Testsof the energy harvesters for orsite installation (AD7)

4.5.1 Simple In-field Tests

The simple field test was performed at the parking lot behind the Building Il at VTTI.
The objective of this test is to evaluate the environmental durabilityage resistance

and power productivity of the harvesters under realistic condition. The embedded
harvesters were tested with heavy vehicles. Pits were cut in the gravel and soil ground
into the shape of the energy haners. The bottom of the pitslsvded with gravel and
asphalt crack filler. As suggested by the staff from VDOT, metal plates will be added on
top of the harvester. Adding metal plates can avoid the direct contacting between the tires
and harvester and protect the sealing material onower cThey were also added in this
test to verify their compatibtly to the harvester. In Figure 8o harvesters were placed

in the pits, with one being flush with the ground surfdlce;other is little lower than

the ground surface, which was tHarsh with the ground surface when a thin metal plate

is added. All three harvesters were placed on pieces of cement slab.
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Figure87. Photo.The energy harvesters in the ground without filling the space

The space between tharvesters and pit edges was filled wigment grout as shown in

Figure 88 After the cement is set, no movement of the harvester would be allowed.

Figure88. Photo.Filling the space with cement grout.

As shown in Figur@9, two metal plates were placed on the harvester and the top of the
metal plate was flush with the ground surface.
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Figure89. Photo.The energy harvester with (upper) and without (down) metal plate.

The electric performance ofdlembedded harvesters was testgdg a pickup truck

(Figure 90 and a dumper truck (Figugd).

Figure90. Photo.The pickup truck used to test the electric performance.
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Figure91l. Photo.The dumperruck used to test the electric performance.

The average power output collected from the test using pickup truck and dumper truck is
about 145 volts and 172 volts. The tire pressure of the pickup truck and the dumper truck
is 79 psi and 98psi. The speedliut vehicle is about.8 km/hr. Since the voltage output

is linearly proportional to the tire pressure, the results are reasonable. The deviation of the

results might be caused by the change enttodulus of the soil aft@recipitation

45.2 Laboratory Tests

To evaluate the electric performance of the energy harvesters, power output tests were
performed with the MMLS by measuring the capacitor charging time. The capacitor was
charged to 30, 60 and 90 volts un@efkN of load. The wheel speed wés88and9.6

km/hrin the tests. The energy stored in the capacitor is calcidated
E=1/2(CV?)

Figure92. Equation. Energy stored in a capacitor.
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Where C is the capacitance and V is the voltage of the capacitor. The capacitance of the
capacitorused s 22¢F. Thus the average power output

determined by dividing energy stored in the capacitor by the time duration as:

P=E/t

Figure93. Equation. Average power of charting a capacitor.

Three harvesters wetested to charge the capacitor with open circuit. They are harvester
#1, 2 and 3. The charging time and calculated power output are shown in the following

table.
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Table9. The electric performance of three energy harvestat@ned from capacitor
charging time tested with MMLS

Average
Identity W?Erillﬁfe)ed Time (S) Target(\\//)oltage Powegr
(mMW)
72.5 30 0.136551724
4.8 156.5 60 0.253035144
250 90 0.3564
#1
31 30 0.319354839
9.6 70 60 0.565714286
115 90 0.774782609
79 30 0.125316456
4.8 171 60 0.231578947
290 90 0.307241379
#2
40 30 0.2475
9.6 95 60 0.416842105
145 90 0.614482759
70 30 0.141428571
4.8 155 60 0.255483871
252.5 90 0.352871287
#3
36 30 0.275
9.6 80 60 0.495
130 90 0.685384615
22.5 30 0.44
4.8 60 60 0.66
95 90 0.937894737
Together
12 30 0.825
9.6 27 60 1.466666667|
43.5 90 2.048275862
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The maximum power output @04 mWwas observed from three harvesters connected
together a#t.8 km/hr of wheel speed when they are charging the capacitor till 90V. It
equals to the sum of the power output of three individual harvesters under the same

condition.

5 Interfacial circuit
Currently, three types of circuits are designed for the piezoelectric generattaydiis

of the circuits are shown in Figur@4, 95 and 96

z DC out R
Piezoelectric
generator .

Q

Figure94. Chart. Rectifierresistor circuit.

YL

& C
Piezoelectric
generator

&

N

(]

Figure95. Chart.Rectifier capacitofresigor circuit.
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Figure96. Chart.Circuit with Rectifiercapacitofresigor and capacitor for energy
storage.

As shown in Figur®4, the fullwave bridge rectifier, composed of diodesiD4,

rectifies the voltageroduced by a piezoelectric generatorfigur~ 94 the circuit with

the voltage rectified by the bridge rectifier was directly connec.ed with a resitor

Figure 95 the circuits are composed of a bridge rectifier, a capacitbaa external

resistor. The capacitor is used to store electrical energy. In addition, the charging current
is controled by the resistor. In Figure 9he circuits are composed of the resistor
smoothing capacitor (Cs) and capacitor for storing enégpsity and stability of the
charging current depend on the resistand the smoothing capacitor (Cs). The

smoothing capacitor (Cs) convert the fwihve rippled output of the rectifier into a

smooth DC output voltage.sGhould be chosen such tla$>>C generatorfor this

circuit to function correctly

5.1 Selection of the Bridge Rectifier
The bridge rectifier is selected because-fdlve rectification isieededA bridge
rectifier makes use of foutiodes in a bridge arrangemeard the highestoltage

generated fronenergy harvester embedded in gaements aboutc00 V. Thus the
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peak repetitiveeverse voltage (Vrrm) must egher than 500Vthe bridge rectifier

DFO6M is selected for rectifying the voltage of piezoelectric generator.

5.2 Selection of the Basic Grcuit

Since the onéime power outpubf theenergy harvester is low, the rectifiesistor
capacitor circuit iselectedo bethe candidate circuit desigihe capacitqrC, will be
charged by the voltage applied on the resig®omhe charged capacitor could support

electronic components.

5.3 Interfacial Circuit Using for On -Site Installation

In the previous poweoutputtestsperformed using MMLS, the total power output of one
harvester is not, which it should be, the sum of theguaumtputs of each row of
piezoceramic disks. By analyzing the voltage output spectrum, the feasbe decrease

in total power output was fourid the voltage phase interference. The voltage spectrum
has sinusoidal shape and each row of the piezocedisk may generate positiaad
negative voltage. When all the electrodes are connected together to measure the total
power output, the overlapped positive and negative voltage would be canceled out and
the total power outpwould decrease. To avoid sugbltage phase interference, the
bridge rectifiermustbe connected to each row of the piezoceramic disk. The circuit

layout of the connection of the rectifiers on single energy harvester is shown in%gure
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Figure97. Chart.The layout of the circuit for the connection of the rectifiers on single
energy harvester

The bridge rectifier will convert the negative part of the voltage wave into positive and
the voltage will be accumulatedtherthanbeing canceledAll of the positive ends and
the negative ends of the bridge rectifiers will be connectedfer a voltage output

Figure98 shows the circuit layout for multiplenergyharvestersystem
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Figure98. Chart.The circuit layout for multipleenergyharvestersystem

The resistance of the resistor in the circuit depends on the equivalent resistance of the
entire energy harvester system. The resistance of the piezoelectric material varies under
the loadings with different frequencies. The s&mice reduces as the frequency increases.
Thus the equivalent resistance will be different when different loadings are applied. The

resistor will be adjusted for the specifoading condition.

5.4 Optimization
From observation of previous testse tdischarging rate of the capacitor is too high to
keep the input voltage on LED in a appropriate rahigestable power input may cause

damage to the electroniads resistordiode circuit is designed to optimize the input
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voltage on LEDor other electroms. Figure 9%hows the circuitayout This diagram

will smoothen the power input after the rectifying process.

LED Bulb

O
T R2
100 ohm

Input
R1
100K ohm
Diodes

Figure99. Chart.The circuitlayoutof the optimization circuit

The resistor R1 (100k ohm) is to control the vgétan LED. It will reduce the
input voltage to about 5V. The eight diodes will further reduce the voltage down to about
1.5V. The resistor R2 (100 ohm) connected in parallel with LEB is to control the current
on LED bulb. We measured the input power aredgbwer on the LED bulb. They are
0.0845mW and 0.032mW. The input power is less than the one we calculated from the

capacitor barging time ( average 0.68mW).

6 Installations

6.1 Installation at Route 114(Peppers Ferry Rd.)

To investigatehe performance of therotective package, one energy hatee fabricated
following AD3 isinstalledin the pavement on Virginia State Route 114. It is a primary

state highway in the state of Virginia connecting US 11 and US 460 iagr&sxiford,
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Christiansburg and Centervillé=igure 10Gshows the location where the harvester was
installed.Thesectionto conduct installatioof SR 114 is a twdane road. It has

passenger vehicles, light trucks and makie trailer trucks passing every day.
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Figure100 Chart.The location of the installation.

The exact location of the field installation is near the exit of Amber Roddnarked

with red in Figure 101
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Figure101 Chart.The exact location of the installation

6.1.1 Layout

Theenergy harvester was installed under a 1.5 inch asphalt overlay on the right
wheel path. The layout is illustrated in Figur&18s shown in the Figure 10the
electrical cord is connected on the energy harvester and extends to the shoulder in a pre

madechannel. The cord is wrapped in a data collection box and buried in the shoulder.

Wheel Path  Energy harvester Electrical cord

Shoulder ﬁ

" | Data collection box
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Figure102Chart.The layout of the energy harvester installation on Peppers Ferry Road.

6.1.2 Procedures
First, the position and the dimension of tevester to be installed were marked on the
asphalpavementfter the traffic was controlled. Figur@3depicts the marked

pavement.

Figure103 Photo.The pavement marked with the dimension and the location of the
energy harester.

Then the marked asphalt pavement was cut using an asphalt saw and the rest of the

pavement was chiseled out. Figufgshows therocess othiseling.
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Figure104. Photo.The scene of chieling the pavement

Before puttinghe energy arvester into the chiseled patppropriate amount of Hot Mix
Asphalt (HMA) was placed at the bottom to level the surfatter placing the harvester

in the pit. HMA was used to fill the rest of the space. Then the energy harvester was then
covered with a layer of HMA which was slightly compactatér. The process iurther

illustrated in Figure 10&nd106.

Figure105 Photo.The energy harvester being covered with HMA.
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Figure106. Photo.The energy harvester covered with slightly compacted HMA

A channelfrom the harvester to the shoulder was cut using the asphalt saw to place the
electrical cord. The cord was covered with a protective PVE dmthe shoulder end.

Figure 107shows the cord covered with protective tube.

Figurel07. Photo.The electrical cord covered with a PVC tube.
The 1.5inch asphalt overlay was paved above the existing pavdastiyt Voltage

output was measured after a tday cooling phase.
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6.1.3 Results
Unfortunately, he responses measured from the installed energy harvester are very weak
and the power output is very low. The compaction process may have destroyed the

piezoelectric material sealed in the package.

6.1.4 Installation at Smart Road (VTTI)
Four energy harvestefabricated following AD4 and AD%Were installed on thiesting
section.Smart Roadt Virginia Tech Transportation Institute (VTTI). The tests can be

easily conducted due to the controlled access to Smart Road.

6.1.5 Location
The Smart Road is &15-kilometersroad with controlled access. The location of the
testing pit for installing the energy harvesters is on the shoulder which has é@howatf 1

asphaltsurfacdayer. Figure 108hows the location of the Smart Rdaeld part).
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Figurel08 Chart.The location of the Smart Road (highlighted as red).

6.1.6 Layout & Procedures

Figure 109illustrated the layout of the testing pit drawn using AutoCAD. The dimension

of the testing pit is 6-8eet long,2-feet wide and “inches deep.

Figure109 Chart.Three dimensional layout of the testing pit.

Figure 110s the disintegrated 3D layout with the components labeled.
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Figure11Q Chart.Threedimensional disintegrated layout of the testing pit

The components are:

1. Energy harvesters following AD4;

2. Energy harvester following AD5;

3. Premade cement concrete slabs;

4. Gravels;

5. Existing asphalt.

One harvester with AD4 design was placed on gravels ditechgve power output

comparison with the one having preade cement concrete slab base.

The shoulder of the Smart Road was cut to make a 6.5 ft by 2 ft testing pit. The pit was
cut to 7 inches deep using an asphalt saw. 1.5 inch of gravels are pavddegfit is

finished for leveling its bottom. Then three pradecement concrete slabs weraced
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on the gravel layer to provide a stiffer base for the energy harvesters. The length, width
and thickness of the praade slab are 24 inches, 18 inchesantthes respectively.

Some asphalt binder is put between the slab and the harvesters to keep them from shifting
during the compaction. After placing everything in the pit, the top of the four energy
harvesters was one inch from the ground surface. TieeHMA was dumped intthe pit

and compacted. Figure 18hows the process of installation. Figide depicts thdilled

testing pit

Figure112 Photo.The testing pit filled with compacted hot mix asphalt
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6.1.7 Results

The voltage output was measured after theday cooling phase. The test was

performed by driving a foudoor sedan over the compacted testing pit. Multim&ss

used to measure the voltage output. The maximum voltage on day 3 was 34 volts. The

maximum voltage on day 5 was 16 volts. The maximum voltage on day 10 dropped to 8
volts. The deduction of the voltage output may be caused by the dropping of teneperatu
or the increase of stiffness, which reduced the load transfer to the harvesters. All these

tests and previous tests indicate that the harvesters must be installed with top surfaces

leveled with the pavement surface

6.2 Installation at Weight Station on 1-81 Troutville

Six energy harvester fabricated following AD7 and two energy harvester fro
Innowattech are installed at thesigh statiorwhichis located at the exit 149 of Interstate
highway F81 at Troutville near the Roanoke city (FigudS). There are about 3300

trucks passing the scaling system of the weigh station every day.
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Figure113 Chart The location of the weigh station

The weigh station can provide the information about the mass and axel of the passed
truck. The vehicle mass is an important variable in predicting the power output. The
weigh station has a oflane entrance and a ofene exit. Figurel14 depicts the bird

view of the weigh station. The energy harvesters will be installed in the asphalt pavement

ateither the entrance
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Figurell4 Photo.The bird view of the weigh station

6.2.1 Layout and Procedures

The location selected for tlaetual embedment of the energy harvesting units is in the
bypass lane at the Troutville vgéi station as shown in Figure 1T5is location was
selected through coordination wiMbDOT andthe Department of Motor Vehicles (DMV)
because it offers more contious traffic, without too much braking or stops from the
trucks. This way, the shearing effect from the tires on top of the deviktd®

diminished.
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Weigh Station Hoi

Figure115 Photo.Location for the installation

The detailed operation procedures of the installation is proposed:

1 Saw-cut across the lane width then excavate and remove the resulting material.

126 L x 10 pitsisvecammridedHlor harvesterfit in.

1 Prepare/levethe bottom ofthe cut section(pits) using epoxygroutor concrete.

1 Sit/Align the energy harvest units on top of the concrete layer according to the
layout in Figure 16. After the first concrete layer has set, another concages |
should bepoured around them for fastening. All urstsouldbe installed flush

with the second concrete layer.

94



1 Put electrical cables through grooves cut in the concrete layer to the side of the
road. Cables will be covered by epoxy before the selayma of concrete is

placed.

1 Provide enclosure/power supply (120V) for data loggersordinate with VTTI

electricalengineer/electrician

As shown in Figure 116he blue squares represent the energy harvester developed by
Virginia Tech. The orange omepresents the harvester developed by Innowattech.
Harvesters will be installed along the wheel path of the trucks. The relative location was
determined by measuring the trace from the field. In the layout, the \&hieupposd

to travelfrom theleft to the right.
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Figure116 Chart.The layout of Trouvlle weigh station installation.

Figure 117shows the crossectional view of the layout. The dimension of the
surrounding pavement of the harvester developed by Innowattech is following their

installation procedure.

VT Harvester, 3.15"

Innowattect

Geotextile

Cement Concrete

Figurell7. Chart.Crosssectionaliew of the layout bTrouville weigh station
installation
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The installation is following the directional layout. Firstly, pavement was marked for
exact locations for all energy harvest devices in the wheel path of the bypass lane (Figure
118). A trailer truck (provided by #gnmaintenance and design engineers) was used to

mark the location for perfect alignment.

Figure118 Photo.Marking the pavement for the alighment of the energy harvesters

Rectangular concrete blocks were cut followingrteeks in the pavement using a
concrete saw, at different depths, to accommodatentrg harvesting units (Figure

119.

97



Figure119 Photo.Cutting holes on pavement for energy harvesters

Then air compressed jack hammers wesed to break/remove the concrete from the cuts

(Figure 120).

Figure120 Photo.Jack hammering the cut pavement
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Remaining material and the side wall was chiselettl straight walls and relatively flat

bottom were obtained {gure 121).

Figurel21 Photo.Chiseling out the remaining material and preparing the side wall and
bottom

The bottom of cut pavement sectiguitg) was filled and leveled with grout based on
designs provided by VDOT maintenance engineers. Then the prepared bottom was

allowed to set for 12 hour before the units were placéBigure 122).

Figure122 Photo.Preparing the @ittom of thepits.
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After all thepits were prepared, the pavement was marked for the cable trench based on

the installation layoutFigure 123.

Figure123 Photo.Marking the pavement for the cable trench

Cable tenchwas cutin the pavement to route the cables from the harvest devices to the
side of the roadFigure 123. Cables were subsequently protected by epoxy poured into

the trench to be levetiwith the surface of the pavemeaiterwards

Figurel1l24. Photo.Cables in the prepared trench
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To allow enough movement of the cover plate of the harvester, rubber membrane is
torched and applied to the upper part of sides of energy harvest devices before placed in

the pavemenpits (Figure 25).

Figure125. Photo.Wrapping the sides of energy harvester with rubber membrane

A thin layer of epoxy (provided by theaintenance and design engingevas applied on
the prepared bottoms of tpéss to helppositioningharvesterFigure 126. The
harvesters werelgced, seaédand leveddat the bottom opits. 2-3 inches space was

allowedaround thénarvestergor filling the epoxy(Figure 127.
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Figurel26. Photo.Applying a thin hyer of epoxy in the prepargits (to have a good
bonding)

Figurel127. Photo.Placing the harvester in the prepapéd.

Epoxywas pouredround the harvest devices and cables for locking in place and
waterproof purpose&trong bonding was provided together with the surrounding

concrete to prevent units pumping out from the paveniegre 123.
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Figure128 Photo.Pouring the epoxy in the prepangits and cable trench

After pouring the epoxya 2in PVC conduit was used to protect all the cables coming
out of the devices and then route them into an electrical weatherproof box for subsequent

connection with data logging devic@sgure 129 and 130The cables were routed

following thelayoutasillustrated in Figure 131

~ — 7.

Figure129 Photo.The protective conduit
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Figure130.Photo.the watefproof cable box.

Operation Table

&

Conduit

Elbow joint Cement
Concrete

Figurel31l Chart.The layout of routing the cabtBrough the PVC conduit

After installation of the eight energy harvest devices irritfid pavement is
accomplishedepoxy was cast to fill the trenches to thensaevel with pavement surface

(Figure 132.
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Figure132 Photo.Final pattern of the eight energy harvest devices installed in the wheel
paths of the bypass lane

6.2.2 Data Measurements

To monita theelectrical productivity of installed energy harvesters cilreent and
voltagegenerated from passing vehickleperiodially measuredising a laptop
connected digital O5ultimetermanufactured by National Instrument. About 50
measurements were taken on each harvester during evsitg @valuation. The only set
with maximum electricabutputvoltage and current waveforms aelectedo analyze
the power output. Since all the voltage and current waveforms are sonilathe data

measured o®ctober 28 2012are shown in the figures below.
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Figure133 ChartThe current spectrum of harvester(fiieasured on 10/25/2012)

Voltage spectrum of harvester #2
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Figurel34. Chart.The wltage spectrum of harvester #1(measured on 10/25/2012).

6.2.3 Maintenance

After the energy harvesters were installed, there was no significant failure happened to
the surrounding paweent. The installation of the energy harvesters did not affect the
traffic flow in the weidn station. There was no fusgent on maintenance of the installed

energy harvesters.
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7 Electrical performance of installed harvester

7.1 Power Output Waveforms

The powemwaveforms of each energy harvesies calculateédrom correspondinyg
measured current and voltag@tal energy is obtained by integrating the power
waveform over the time interval that the vehicle was passing the harvyéstaaverage
power is calculadby dividing the total energy with the time intervahich isabout 1.5
secondEach set of power output waveforms in this section were analyzedtexata

measuredrom more than 80 vehicles.

7.1.1 Power Spectrums (10/25/2012)
The power outputvaveforms analyzed from the data measured on GQt2Q52 are

presented in the following figure.
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Figurel35. Chart.The power spectrums of the installed energy harvester cadutaim
the data collected on 10/25/2022T(and Innowatteck.
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7.1.2 Power Spectrums (11/30/2012)
The power output waveforms analyzed from the data measured on R@0BD are

presented in the following figure.
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Figurel36. Chart.The power spectrums of the installed endrggvester calculatl from
the data collected on 11/30/20Q2T).
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7.1.3 Power Spectrums (01/31/2013)

Figure 137shows the calculated power output spectrums of energgstarg only from

Virginia Tech.
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Figure137. Chart.The power spgoums of the installed energy harvester calculated from
the data collected on 01/31/2013 (VT).
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7.1.4 Power Spectrums (02/14 /2013)
Figure 138hows the calculated power output spectrums of energy harvesters from

Virginia Tech and Innowattech.

Figure138 Chart.The power spectrums of the installed energy harvester calculated from
the data collected on 02/14/2013 (VT and Innowattech)
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