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This paper focuses on the development and experimental testing of a potential
clean energy source for powering the remote equipment used in transportation
infrastructure. Traditional power sources (i.e., power cables and batteries) are
excessively expensive or infeasible in this type of application. A compression-
based roadway energy harvester has been developed that can be embedded into
pavement to scavenge electrical energy from traffic-induced vibrations. The pro-
posed roadway harvester employs a group of piezoelectric harvesting units to con-
vert traffic-induced vibrations into electrical energy, and each single harvesting
unit contains three piezoelectric multilayer stacks. According to the linear theory
of piezoelasticity, a two-degree-of-freedom electromechanical model of the piezo-
electric harvesting unit was developed to characterize its performance in generating
electrical energy under external excitations. Experimental testing in the laboratory
was conducted to investigate the output power properties of the harvesting unit and
shows good agreement with the theoretical analysis. Based on the testing results of
the harvesting unit, the capability of the proposed roadway harvester has been theo-
retically evaluated and demonstrated that it has the ability to generate sufficient
energy for driving common electrical equipment used in transportation infrastruc-
ture. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4891169]

I. INTRODUCTION

In recent years, the remote electrical equipment has becoming ubiquitous in transportation
infrastructure, such as the application of wireless sensors to improve the safety, management, and
smooth operation of the transportation system.'” With the context of wireless sensors in the
transportation system, one of the key challenges is the limit of sustainable and reliable power
source, especially for remote sensing networks. With a vast number of sensors nodes/networks in
the infrastructure, simply connecting them to the grid power source is uneconomical in the era of
wireless technology. Moreover, using batteries as a source of power for dense sensor networks in
the road may not be feasible due to the continuous replacement requirement.” Besides, the dis-
posal of large quantities of batteries may also create serious environmental hazards. Therefore, a
sustainable and environmental-friendly energy source is required to fulfill the urgent requirement
by the transportation industry. In this study, a potential clean and reliable energy source for the
wireless sensor network is developed to scavenge energy from traffic-induced vibrations.

Extracting electrical energy from ambient vibrations is generally known as vibration energy
harvesting, or vibration energy scavenging. Williams and Yates* have stated that three basic
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methods, i.e., electromagnetic induction,5 electrostatic generation,6 and piezoelectric effect,7
could be utilized to scavenge electrical energy from ambient vibrations. While each of the
aforementioned methods can generate a useful amount of energy, piezoelectric vibration energy
harvesters have received more attentions due to their ability to directly convert applied force
into usable electrical charge, as well as its large power density, and ease of application.® To
date, piezoelectric vibration energy harvesters have been developed in various types of struc-
tures for different purposes.”’ In recent years, a number of studies have begun to focus on har-
vesting energy from traffic-induced vibrations in transportation infrastructures. In the paper of
Peigney and Siegert,'” the use of a cantilever piezoelectric harvester to scavenge energy from
traffic-induced bridge vibrations was theoretically analyzed and experimentally investigated.
The cantilever piezoelectric harvester was attached on a water pipe fixed on bridge girder, and
the maximum energy generated was found to be in the order of 0.03 mW, with a controlled
voltage between 1.8 and 3.6 V. Wischke er al.'' have investigated the feasibility of harvesting
energy from traffic-induced vibrations in railway and road tunnels to power embedded structural
health monitoring sensors. They concluded that the traffic-induced vibrations at any location in
the road tunnel and at the wall in the railway tunnel are too small for useful vibration harvest-
ing by using the cantilever-based piezoelectric generator. Xiong er al.'* installed the piezoelec-
tric harvester inside the road and studied the feasibility of harvesting energy from traffic-
induced deformation of pavements. They presented a general philosophy of designing and eval-
uating energy harvesting systems using piezoelectric materials from deforming pavements and
concluded that the theoretical harvested energy is suitable for powering small-electronics used
in transportation infrastructures. Zhao et al.'*'* have compared the performance of several pie-
zoelectric transducers embedded inside the road for harvesting energy from asphalt pavement.
They concluded that piezoelectric transducers fabricated in multilayer, cymbal, and bridge have
high durability and can fit the load repetition in the pavement life. Using infinite Bernoulli-
Euler beam model of the pavement, Xiang er al.'> have recently theoretical estimated the elec-
trical energy generated by a piezoelectric harvester from traffic induced deformation of pave-
ments and concluded that the velocity of the vehicle is a critical factor affecting the output
power.

Grounded on the fore fundamental studies, this paper presents a novel compression-based
roadway energy harvester to provide energy for the remote electrical equipment used in trans-
portation infrastructures, such as wireless sensors and sensor networks. The novel roadway
energy harvester will be installed in-between the road pavement and endures the tire forces of
passing vehicles directly. According to the positive piezoelectric effect, the proposed roadway
harvester employs a group of piezoelectric harvesting units (each one contains three piezoelec-
tric multilayer stacks) to convert traffic-induced vibrations into electrical energy. More pre-
cisely, this paper is organized as follows. Section II briefly introduces the design of the
proposed roadway harvesting system. Section III provides the theoretical analysis on the output
voltage and power properties of the piezoelectric harvesting unit. Then, lab-scale tests are con-
ducted to experimentally evaluate the theoretical analysis and investigate the energy harvesting
capability of the piezoelectric harvesting unit in Sec. IV. Based on the testing results of the har-
vesting unit, Sec. V theoretically estimates the electrical energy harvested by the proposed road-
way harvester on a highway with 2000 vehicle/h traffic volume and 100 km/h velocity. Finally,
conclusions from this study are drawn in Sec. VI.

1l. ROADWAY ENERGY HARVESTING SYSTEM DESIGN

Fig. 1 schematically depicts the implementation of the proposed roadway energy harvester
on the road. As shown in Fig. 1, several roadway energy harvesters are embedded on the sur-
face of the road, and they will generate electrical energy when a car or a truck passes over.
The energy management unit is used to convert the generated energy into a useful form that
can be utilized directly by the nearby energy utilization system, such as wireless sensor net-
works that provide information about road conditions, traffic usage and patterns, and vehicle
speeds. Optionally, energy storage unit, such as large capacitor or, preferably, a rechargeable
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FIG. 1. Roadway energy harvesting system.

battery, is used for storing the harvested energy to be used when needed. Since the generated
energy is present only when cars passes over the energy harvesting system, energy storage will
be useful, so that the power supply is not interrupted when cars are absent or traffic is low.

The proposed roadway energy harvester is a compression-based system, which generates
energy under compression force, and the generated power is a pulse power registered with
each compression cycle. Fig. 2 shows the side cross-sectional view of the proposed roadway
harvester embedded on the surface of the road, Fis and Fiign, are used to present the tire
forces caused by one single axle of a car. As shown in Fig. 2, the proposed roadway harvester
is a box shaped and chiefly comprised of three harvesting units, three force transmission
flanges, a rigid compressing plate, and a force anchoring plate. Rigid compressing plate, com-
bined with force transmission flange and force anchoring plate, ensures that the tire forces
exert evenly on three harvesting units. Two elastic fixing members such as bolts are used to
hold the structure together and applied a pre-compression force to the harvesting units. When
cars pass over, the pressure and vibration caused by the moving vehicle create time variant
forces on harvesting units which generate electrical power. It should be noted that the road-
way harvester is pre-compressed so that electricity will still be generated during the rebound-
ing of the compression.

In practice, three harvesting units are electrically connected to each other to scavenge elec-
trical energy via electrical wire, and a bolt is used to connect the harvesting unit to the force
anchoring plate through the axial hole of the harvesting unit. Each single harvesting unit con-
tains three piezoelectric multilayer stacks (which can also be extended), as shown in Fig. 3.
The piezoelectric multilayer stack is made up of several very thin piezoelectric wafers and elec-
trode elements, as shown in Fig. 4. There are two ceramic layers attached at the bottom and
top of the stack to protect from damage under large compression force caused by the axle
weight of vehicles. The piezoelectric wafers are polarized along this thickness direction, and all
are assembled mechanically in series with alternative polarization direction as depicted by the
arrows but connected electrically in parallel.

It needs to note that vehicles on the road are free to change lanes at will, and are also able
to vary their position within a lane to some degree. Therefore, there is some probability that
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FIG. 2. Schematic of the proposed roadway harvester.
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FIG. 3. Schematic of the harvesting unit.

when energy harvesters are implanted in the road, passing vehicles will not apply compression
to the devices due to lane changes or asymmetrical positions within the lane. To eliminate the
possible idle passing, the roadway harvester proposed in this paper uses a wide rigid plate,
which covers the whole width of road, to receive tire forces of passing vehicles. Therefore, all
passing vehicles will impart energy to the energy harvesting system in this design. Also, as
stated by Zhao er al." that the piezoelectric transducers had better locate in the pavement as
close as possible to the surface to get more energy, therefore, the proposed harvester employs a
novel structure and embeds on the surface of the road to directly respond to the tire forces of
each passing vehicle.

Ill. THEORETICAL ANALYSIS FOR THE PIEZOELECTRIC HARVESTING UNIT

The proposed roadway harvester employs piezoelectric harvesting units to scavenging
energy from traffic-induced vibrations. For evaluating the energy harvesting capability of the
roadway harvester, it is necessary to investigate the electrical characteristics and energy harvest-
ing properties of the piezoelectric harvesting unit under external excitation. According to the
IEEE Standard on Piezoelectricity,'®'” under the time variant exciting pressure, given by the
strain S, stress 7, electric field E, and electric displacement D, the constitutive relations of pie-
zoelectric materials are typically defined by
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FIG. 4. Schematic of the piezoelectric stack.
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where the e3; is the piezoelectric coefficient; ¢%5 is the elastic stiffness constant under a con-
stant electric field; and %55 is the dielectric constant under constant strain.
For the piezoelectric stack shown in Fig. 4, the parameters in Eq. (1) can be calculated as

Sz =xy/h, E3s=V,/t, T3 =F,/A, D3 = Q/nA, )

where £ is the height of the stack; A is the cross-section area of the stack; 7 is the thickness of a
single piezoelectric wafer; F), is the time variant force applied on the stack; x, is the deformation
of the stack under the exciting force; Q is the electric charge generated by the stack; V), is the out-
put voltage of the stack; and n is the number of piezoelectric wafers used to produce the stack.

In order to simplify the analysis, let the height of the stack be equal to the entire thickness
of all the piezoelectric wafers (i.e., h = nt). Then, substitution of Eq. (2) into Eq. (1) yields the
constitutive equations of the piezoelectric stack as

F p| _ k2 —-N X2
8- 2] ®
In Eq. (3), k, is the elastic coefficient of the stack (k, = cfA /h), C, represents the equivalent ca-
pacitance of the stack (C, = ne3;A /1), and N is defined as the electromechanical conversion coef-
ficient of the stack (N = e33A/f). The electromechanical conversion coefficient N represents the

force-voltage and charge-deformation transferring relation of the stack. From Eq. (3), a converted
force, which actually converts mechanical energy into electrical energy, can be written as

F, =NV,. 4)

Fig. 5 develops a two-degree-of-freedom (2-DOF) electromechanical model of the piezoelectric
harvesting unit under the exciting force. As shown in Fig. 5, the 2-DOF electromechanical
model considers: (1) the time variant exciting force F(f); (2) mechanical responses of the har-
vesting unit (i.e., x; and x, represent the deformations of the ceramic layers and piezoelectric
stack); (3) mechanical properties of the harvesting unit (i.e., my, ¢, and k; represent mechanical
properties the ceramic layers; m, and k, represent mechanical properties the piezoelectric stack;
c3 and k3 represent mechanical properties of mechanical structure of the harvesting unit); (4)
electrical properties of the harvesting unit (i.e., R, and C, represent the leakage resistance and
capacitance of the piezoelectric stack); (5) the energy management circuit (i.e., an AC-DC recti-
fier with a smoothing capacitor C5); (6) the external electrical loading (i.e., R3); and (7) the out-
put voltage on the electrical loading (i.e., V).
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FIG. 5. 2-DOF electromechanical model of the piezoelectric harvesting unit.
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In the developed 2-DOF electromechanical model, F, is used to link the mechanical parts
and electrical parts of the model and convert mechanical energy into electrical energy. The gov-
erning equations of the electromechanical model can be written as

my +c1y +kiy = F(t) — mixs,
myXy + c3%2 + kaxy + koxo + Fo = F(t) — miXo — myy, (&)
Ny + CV, +V,/R =0,

where y is defined as y=x; —x,; and R is the equivalent resistance of two parallel resistances
R, and Rj. In general, the R, is much higher than the loading resistance, so that R ~ R;.
Transforming Eq. (5) into the frequency domain, one can obtain

(—? + 20, 010) + 0})Y (o) — 0 Xa(w) = F(w)/my,
NV, (o Flo
[—(1 + W’ + 2Lw0] + 03] X2 (0) — uw?Y (0) + % = %, (6)
2 2
_CUNjX2(CU)/C2 + (wj + 1/R3C2)Vp(0)) =0.
Here, w is the angular frequency of the vibration; Y(w), X»(w), V,(w), and F(w) are the fre-

quency counterparts of y, x,, V,,, and F(¢). Other parameters, i.e., m;, @, {;, {5, and u, are
defined as

o= [ = [2ER L= u="
my’ 2\/ kl ) ma(ky 4+ k3) my

Solving Eq. (6), we obtain

(o2 + 2, proy)
(ky + k3) (02 — Y + 20, Yoy)

Yoo - ° — ®)
- w BUNZj
L (U 0 o+ 200 = o e s iy
(oc2 + 251‘#@) (w)
S N (o2 — g2 + 20, 92) )
o) = e LBy,
1= (1w + 2017 — o

2+ 20| PYNZ]

where o and  are the normalized frequencies; f is the normalized electrical resistance; and N,
is the alternative electromechanical conversion coefficient. Those dimensionless parameters can
be calculated as

o) w 5 N2
==L == = w,R5C N=— 10
o w27 lp wz) ﬁ wz 3 2) e Cz(k2+k3) ( )

In practice, the smoothing capacitor C3, as shown in Fig. 5, is chosen to be large enough so
that the time constant R3C3 is much larger than the oscillating period of the exciting vibration.
As a result, the output rectified voltage V can be considered as a constant DC voltage. Then,
the current flowing into the rectified circuit can be calculated as

CsV+V/Rs  ifV,=V
I, =4 —C3V—V/Rs ifV,=-V. (11)
0 iVl <V
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Based on Eq. (11), the third equation of Eq. (5) can be rewritten as Eq. (12) to investigate the
output current and DC voltage on the electrical loading

—~Niy + CVp + 1, = 0. (12)

Therefore, it can be found that the output voltage V,, of the piezoelectric stack varies propor-
tionally with respect to the stack deformation x, if the rectifier bridge is blocked and the out-
going current is zero. Defining T=2n/w as the period of the vibration, and #; and #, as two
time instants (t,—t; = 1/2), thus, the strain x, goes from the minimum —x,,, to the maximum x,,,
(x2,, is the constant magnitude of the deformation). Assume that V,, > 0 during the time period
from #; to t,; therefore, the integration of Eq. (12) from time #; to 7, is

TV
—2Nxpp +2CV + -— = 0. (13)
2R3

Then, based on Eq. (13), the output voltage V can be expressed as a function of the deformation
amplitude x5,

2(1)NR3

__coNRs 14
20CoRs + 12" (14

Assume that the external force excitation is independent of the piezoelectric harvester. Then,
based on Eq. (8), the deformation amplitude x,,, can be calculated as

F,o
o = JAZ 4+ A2, 15
P (k) (A3 AT VT (1

where F,, is the amplitude of the exciting force, and the parameters A; to Ag can be calculated
as

Ap =2 =7 = (1+ oty +y* — 4L LY
2 2 s 2 . (16)
Ay = 2Yfo(1 =" — ™)y + (o8 —y) (]
Az = A1 + (% — P) BN + Ay
) ; (17
Ay = APy + 20, afN2Y” — Ay
As = YB(Aso+ 2A400Y) + 2430,y — Aga (18)
As = YB(A3 1Y — Aso)) — 2441 — Az

Then, the output DC voltage under the external resistive load can be rewritten as

20NR; NI JAS + A7 1)

= Xom = Fm~
20C:Rs + 1" N(A2+A2) 2y + )

Based on Eq. (19), the electrical power under the external resistive load can be expressed as

V2 4(AZ+ ANEBYPF?,
Ry (A% +A3)° 2y + m)’NR;

(20)

Equation (20) indicates that the electrical power, generated by the piezoelectric harvesting unit,
depends on the exciting vibration characteristics (the normalized frequency ¥ and amplitude
F(w)), the mechanical coefficients of the harvesting unit (such as the natural frequency ; and
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@,, the mechanical damping factor {; and {5, and the stiffness of the harvester k3), and the elec-
trical properties of the harvesting unit (such as the normalized electrical load f, and the electro-
mechanical conversion coefficient N,). Based on Egs. (10), (17), and (18), it can be found that
the value of parameters A3-A6 and f§ are all relate to the external electrical resistance Rj.
Then, Eqgs. (19) and (20) indicate that the value of the external electrical loading has a great
impact on the output voltage V and power P. It is of great need to find out the optimal external
resistive load, on which the power generated by the harvester reaches its maximum value.
Based on Eq. (20), the optimal resistive load and the maximum electrical power generated by
the harvester can be calculated as

TA

R =
(A 4 02N2 — YAN2)Cr

and

_ (354 + N2 — YPN2)? + 2.5(62NZ — N[N P o
6mA (ky + k3)(2A 4 02N2 — >N2)*(A 4 o2N2 — > N?)

max

where A =02 — * — (1 + p)o?y* + v,

Zhao et al."® have indicated that the frequency of the traffic-induced vibration is low
(0.1-10Hz). Since the natural frequency of the piezoelectric unit, w,, is normally very high
(equals to 1.78e4 Hz in this design). Therefore, based on Eq. (10), it is reasonable to assume
that the normalized frequency ¥ can be set to zero in traffic-induced vibration situation.
Under this assumption, the optimal resistive load and the maximum generated power can be
simplified as

m 3.5+ N2)’? + 2.5N2N2F2
Rop = 57— ~— and  Ppay = I ) 2] . (22)
2(14NZ)Coo0 6102 (ky + k3) (2 + N2)* (1 +N?2)

Equation (22) indicates that the proposed piezoelectric harvester is a linear system, in which
output power increases with the input amplitude and frequency, and the maximum generated
power is proportional to the exciting frequency and proportional to the square of the amplitude
of excitation. Meanwhile, Eq. (22) shows that the optimal electrical loading is not a constant
value and changes its value with the property of the piezoelectric material and the input fre-
quency. For a weak electromechanical coupling coefficient N,, the optimal resistance can be
simplified as 7/2C,m.

IV. SINGLE HARVESTING UNIT OUTPUT POWER EXPERIMENTAL EVALUATION
A. Experimental setup

Experimental testing is conducted to evaluate a single harvesting unit thus build knowledge
for the performance of proposed roadway harvester. Fig. 6 shows the test specimens of piezo-
electric stacks and harvesting unit. Each piezoelectric stack is made of 36 layers of piezoelec-
tric wafers (PZT-8), 37 layers of brass electrodes, and 2 layers of protective ceramic. These 37
layers of brass electrodes and 36 layers of piezoelectric wafers are constructed together alterna-
tively. All the piezoelectric layers are polarized along their thickness direction and are
assembled mechanically in series but connected electrically in parallel, as shown in Fig. 4, in
order to decrease the amplitude of output AC voltage and increase the output DC power. Three
piezoelectric stacks, as shown in Fig. 6, are electrically connected in parallel to each other in
the harvesting unit to generate electrical energy simultaneously. The properties of the piezoelec-
tric stack are shown in Table I.

Fig. 7 shows the photograph and schematic drawing of the experimental setup. As shown
in Fig. 7, the harvesting unit is installed in a host-structure and excited by a spring. One side of
the host-structure is fixed on the ground, and another side is connected to the shake table which
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FIG. 6. Piezoelectric stacks and harvesting unit.

TABLE I. Characteristic properties of the piezoelectric stack.

Material properties Value Stack properties Value
Material type PZT-8 Diameter (mm) 20
Coupling factors k33 0.68 Height 7 (mm) 34
Piezoelectric constant d3; (pC/N) 280 Single wafer thickness ¢ (mm) 0.85
Dielectric constants &33/¢q 1000 Layer number 36
Young’s modulus YE33 (10" N/m) 7.1 Mass my, () 87
Curie point (°C) 320 Capacitance C, (uF) 0.12
Density (10° kg/m®) 7.7 Natural frequency @, (10° N/m) 1.1

Harvesting Unit Spring  Hoster

PZT stack f I
1 ZE‘E&Q?
Shake Table
77 Rectifier | pition sensor
Circuit
! —— Movement
External | |Data Acquisition <y
resistance System
(b)

FIG. 7. Experimental setup (a) photograph and (b) schematic drawing.
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is used to input the vibration excitations. A spring, as shown in Fig. 7, is used to transfer shake
table’s motions into vibrational force and apply on the harvesting unit.

As shown in Fig. 2, there are two elastic fixing bolts are used to hold the structure together
and applied a pre-compression force to the harvesting units. Therefore, during the test, the shake
table first compressed the spring for S0 mm to apply a pre-loading force on the harvesting unit.
Then, the shake table will perform different harmonic motions with different amplitudes (from
10m to 40 mm), and low frequencies (from 1.0 Hz to 6.0 Hz). Shake table motions will be trans-
ferred into large force by the spring due to its large stiffness, i.e., 34 N/mm, as shown in Fig. 8.
The position sensor is used to measure the movement of shake table in order to calculate the
exciting force. The maximum force transmitted by the spring reaches 3060 N under shake table
motion with maximum amplitude of 40 mm. The harvesting unit generates voltages when the ex-
citation from the shake table applies on the wafer-stacks. Rectifier circuit is used to transfer AC
voltages generated directly by the harvesting unit into useful DC voltages. Two series-connected
rheostats, as shown in Fig. 7, are chosen to serve as the electrical loading of the harvesting unit
in order to investigate the relationship between the power output and the external electrical load-
ing. Data acquisition system is used to record the output voltage signal applied on the rheostats.

B. Experimental results comparison and discussion

Fig. 9 shows the actual exciting force and the real-time output voltage, without the rectifier
circuit, of the harvesting unit with 290kQ electrical load when the shake table performs
40 mm/2 Hz sinusoidal motion. It can be seen that the preloading force is 1700N and the

4080 " . . - . 300

3740t — — — Exciting force 1260

3400} Open output voltage | 1550

3060+ 1180
~ 2720 1140 ~
Z 2380 l100 2
8 2040 60 Eﬂ
5 N
[2 1700 120 =
1360+ 220 >

1020} -60

680 -100

340 -140

0 1 L 1 L 1 _180

0 0.5 .15 2.5
Time (s)

FIG. 9. The applied force vs. output voltage in AC test.
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FIG. 10. Output AC voltages.

harmonic force applied on the harvesting unit has 1360 N amplitude and 2 Hz frequency when
the shake table performs 40 mm/2 Hz sinusoidal motion. Under this harmonic force, the voltage
generated by the harvesting unit is an AC voltage with the same frequency of the excitation.
Also, there is a phase change between the excitation and the output AC voltage, which is
caused by the response time of the outer-spring and harvesting unit itself.

Under the same input excitation, Fig. 10 shows the output AC voltages under different elec-
trical loads. It can be seen that the amplitude of the output AC voltage increases with the exter-
nal resistance. Fig. 11 gives the output voltage through the rectifier circuit under different electri-
cal loads. It can be seen that the output voltage through the rectifier circuit is a DC voltage and
the value of the DC voltage increases with the external resistance. Figs. 10 and 11 indicate that
the output voltage under vibrational excitation relates to external electrical loads.

Fig. 12 gives the relationship between the output DC voltage/power with different external
resistive loads under the applied force shown in Fig. 9, i.e., 1360 N/2Hz. It can be seen that:
(1) the output voltage increases with the value of the external resistance and trends to constant
after the electrical load exceeding a certain value; (2) the output power firstly increases with
the resistance, and then trends to decrease after the external resistance exceeding a certain
value. It is obvious that there is an optimal resistance, with which output power reaches maxi-
mum. Comparison between the experimental results and the theoretical analysis proves the
effectiveness of the electromechanical model.

120

100}
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B [e)) 0
S 0

N
o

0 051 15 2 25 3 35 4 45 5 55 6
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FIG. 11. Output DC voltages.
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FIG. 12. Output DC voltage/power vs. electrical loads under 1360 N/2 Hz excitation.

Fig. 13 shows the relationship between the output power and the external loads under the
excitations with different force amplitudes, i.e., 680N, 1020N, and 1360N, and fixed fre-
quency, 2Hz. It can be obtained that: (1) the output power increases with the amplitudes of
exciting forces, and the maximum output power increases, from 3 mW to 16 mW, when the
exciting force amplitude increases from 680N to 1360 N; (2) the optimal electrical load does
not change its value with the exciting force amplitude under the fixed frequency.

Fig. 14 shows the relationship between the output power and the external loads under the
excitations with different frequencies, i.e., 2Hz, 4 Hz, and 6 Hz, and fixed force amplitude,
1360N. It can be obtained that: (1) the output power increases with the frequency of excita-
tions, and the maximum harvested power increases from 16 mW to 85 mW, when the exciting
frequency increases from 2Hz to 6 Hz; (2) the value of the optimal electrical load is inversely
proportional to the input frequency of the excitation, and its value decreases from 1050kQ to
350kQ, when the exciting frequency increases from 2 Hz to 6 Hz.

To clearly demonstrate the relationship between the harvested electrical energy with the
external excitation, Fig. 15 plots the maximum output power against the input frequency when
the exciting force amplitude fixed on 1360N, and Fig. 16 plots the maximum output power
against the exciting force amplitude when the frequency of the excitation fixed on 6 Hz. Based
on Figs. 15 and 16, it can be concluded that the electrical energy generated by the harvesting
unit is proportional to the frequency of external harmonic excitation and is proportional to the
square of the force amplitude of the harmonic excitation. It is reasonable to say that the pro-
posed piezoelectric energy harvester is a linear system, the output power increases with the
external excitation level in the considered frequency and force.
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FIG. 13. Output power comparison under same frequency.
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FIG. 17. The pulse of power.

V. EVALUATION OF THE CAPABILITY OF THE ROADWAY HARVESTER

Built on the experimental results of the output power of an individual harvesting unit, this
section aims to estimate the capability of the designed roadway harvester installed in the road, as
shown in Fig. 2. In practice, the electrical power generated by the roadway harvester embedded
in the road is a pulse of power, which is registered with each compression cycle (such as the pas-
sage of a vehicle tire over the harvester). An example of the power pulse induced by passing a
vehicle with two axles over the roadway harvester is shown in Fig. 17. The period Ty is deter-
mined by the distance between vehicle axles and the vehicle speed, and the pulse length 7 is
determined by the tire contact patch length and the vehicle speed. In general, the pulse length 7 is
very small (5ms—100ms), therefore, the average power P,,, can be calculated approximately as

T
Pavg = T_OPpeak- (23)

According to the Transportation Energy Data Book,'® the majority of vehicles on the roadway
are cars (two-axle) and light duty trucks (two-axle and four-tire), and cars account for 52.8%
and two-axle trucks account for 37.1% of the total vehicle-miles traveled in 2011. Also, based
on the data about the gross weight of vehicles in Table 5.13 of the Transportation Energy Data
Book, the average weight of a single axle of cars and two-axle trucks can be calculated approx-
imately as 10350 N and 33 750 N, respectively. Zhao er al." indicated that the average contact
patch length is 20 cm, and the average distance between the axles of two-axle vehicles is 4.5 m.

Experimental results indicate that the proposed piezoelectric harvesting unit can generate 85
mW DC power under compressing force with 1360 N amplitude and 6 Hz frequency, and the gen-
erated power is proportional to the frequency and the square of the amplitude of the compressing
force. For a highway, assume that the traffic volume is 2000 vehicle/h, and the average speed of
those vehicles is 100 km/h. Then, the induced pulse of power in the proposed roadway harvester
has narrow band (7 is about 7.1 ms) and the pulse of power occurs every 0.16s. A power pulse
every 0.16s would correspond to a compression frequency of 6.2 Hz. Combined with the weight
data of the vehicles from the Transportation Energy Data Book, the proposed roadway harvester
(shown in Fig. 2) installed in this highway has the ability to generate two pulse powers with
Ppeax €qual to 22.5 W when passing a two-axle vehicle in 100km/h velocity. Then, based on
Eq. (23), the roadway harvester can generate about 1 W DC power when passing a two-axle vehi-
cle in 100 km/h velocity. For the highway with the traffic volume 2000 vehicle/h, it can be esti-
mated that the proposed roadway harvester has the potential energy harvesting capability of
2000 W/h.

VI. CONCLUSIONS

Harvesting energy from traffic-induced vibrations to power the remote equipments used in
transportation infrastructures is investigated in this paper. A novel roadway energy harvester
based on piezoelectric stacks is developed to scavenge energy from traffic-induced vibrations.
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Theoretical analysis verified with experimental results of the output power of the harvesting
unit indicates that: (1) the output power depends not only on the harvesting unit itself but also
on the external resistive loads. There is an optimal resistance, with which the output power
reaches maximum value; (2) the value of the optimal resistances is not affected by the excita-
tion amplitudes, and it is inversely proportional to the exciting frequencies, which agrees with
previous theoretical analysis; and (3) the output power increases significantly with the ampli-
tude and frequency of the input excitation, and the maximum harvested power is proportional
to the frequency and the square of the amplitude of the external vibration.

Experimental results indicate that one single harvesting unit can generate 85 mW DC
power under the excitation with 1360 N force amplitude and 6 Hz frequency. Based on the ex-
perimental results, the proposed roadway harvester embedded on the surface of the road has the
ability to generate 1 W DC power when passing a two-axle vehicle in 100 km/h, and the output
power increases with the velocity of the passing vehicle because higher velocity means higher
exciting frequency. It clearly indicates that the electric power scavenged power vehicle is
enough for powering common lower-power-needed remote equipments such as wireless sensors
system. In addition, for a certain highway with 2000 vehicle/h traffic volume, the proposed
roadway harvester has the potential energy harvesting capability of 2000 W/h. This huge har-
vested electrical power may also be used to power normal electrical equipment on the roadway,
such as lighting system, emergency communication unit, and roadside advertisement.
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