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Abstract- The purpose of this paper is to conduct simulations to increase and analyse the harvested energy in roadway
applications. An electromechanical-traffic model of compression-based piezoelectric energy harvesting that exploits the
vibrations derived from traffic movement is simulated. The model also being studied on the critical system parameters (e.g.
behaviour of traffic flow, number of vehicles, the optimum electrical load, the maximum voltage and the area) accurately based
on the simulation of data. Therefore, these factors are considered when designing the traffic model to produce the optimal power.
The most significant outcome of this research is the harvesting of electrical energy from piezoelectric arrays by using roadway
applications to generate various scales of useable power. The focus from vehicles are on testing and simulating one set array of
Piezoelectric Cymbal Transducer (PCTs) and two set arrays of PCTs. By proposing the model, simulating it under different
parameters include mean arrival rate (1), resistance, single lane, two lanes, single PCT and arrays of PCTs. Besides, the Cellular
Automata (CA) traffic model is used to represent the traffic flow model. On average, the obtained results show that the highest
total power is generated at the highest arrival rate and low resistance. The generated power for a single lane with 2 arrays of
PCTs is as much as 170 W and 345 W for two lanes with two arrays of PCTs. The results also show that at low resistance the
output power increases whenever the number of PCTs and lanes increase.

Keywords Piezoelectric Energy Harvester; Mean Arrival Rate (A); two-degree-of-freedom model (2DOF); Cellular Automata
(CA); Piezoelectric Cymbal Transducer (PCT) harvester.

1. Introduction

The energy scavenging and energy harvesting techniques capture of
are described as the applications which capture, exploit or energy
implement the unused or depleted energy, thereby converting

it to a usable form. In this process, energy is extracted from an
ambient environment and converted to consumable electric
energy. Power energy harvesting that are exploited are of
different types, like mechanical energy, vibration, wind,
sunlight, strain and kinetic energy. Recently, thermal and

vibration-based energy sources have garnered a lot of storage of use of
popularity and are being harvested as they generate a lot of energy energy
energy, which could help in solving the global energy issues,

without depleting the natural energy resources. Figure 1

presents the easiest process used for harvesting energy. Fig 1. Simple Energy Harvesting Procedure
Initially, the energy was captured and stored, before being ) ) ) ) )
used [1]. The piezoelectric materials are ideally used for harvesting

energy from the vibrations existing in the environment, as they
consist of a basic structure which can effectively convert the
mechanical strain into electrical charge without utilising any
extra power [2]. Thereafter, the power is again extracted from
the piezoelectric materials with the help of a micro-scale
energy harvesting system which is used in sensors and smaller
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electronic devices. The roadway energy harvester is regarded
as a low frequency application which generates energy under
a suitable compression force. In addition, the pressure is
usually loaded in a vertical direction from the traffic so that
the compression piezo can withstand this pressure. The
roadway energy harvester generates power as a pulse that is
registered with each compression cycle. The most popular
harvester system is a cantilevered beam with piezoceramic
Lead Zirconate Titanate (PZT) layers, which is used for high
frequency sensor applications as it is easier to obtain the
resonance frequency with such a mechanism, unlike the less
popular compression ceramic system. However, very few
researches are available regarding the harvesting of energy
from traffic through the development of stacked
configuration-based piezoelectric harvesters. As such, this
study investigated the connection between a traffic model and
a compressed piezo model. The differences between
cantilever and compression structures are illustrated in Figure
2 [3].

Time Time

Fig 2. Different performance characteristics noted in the
compression-based and cantilever energy harvesters [4]

Many properties must be considered while characterising
the energy sources like high voltage, current and power
density; physical properties like shape, size and weight;
environmental properties like water resistance and operating
temperature range; along with the maintenance and
operational properties. The authors [5, 6] have summarised a
few energy harvesting techniques and described their power
density, as described in Table 1. After investigating the studies
related to the energy harvesting sources described in the above
table, the researchers concluded that solar energy showed the
maximal power density, when outdoors, however, it showed a
lower energy density, when indoors. On the other hand,
vibration energy harvesting showed a relatively high-power
density in comparison to other sources. Additionally,
vibrational sources were ubiquitous and are present in many
locations like roads, air ducts, and building structures [7-10].

Table 1. A summary of the common energy harvesting
techniques and their power densities

Energy
Harvesting Power density Reference(s)
Sources
Outdoor: 15000 pW/cm?
Solar Indoor: 10 pW/cm? (1]
Vibration Electrostatic: 50 ~ 100 pW/cm? Hg}
Electromagnetic: 119 nW/mm? [14]
Piezoelectric: 250 pW/cm? [15]

[ Thermal [ 40~60 119 yW/mm? (5°C gradient) | [16] ]

1.1 Piezoelectricity

In Greek, ‘Piezo’ refers to pressure, while piezoelectricity
can be translated to “electricity by pressure”. Furthermore,
piezoelectricity integrates the electrical and mechanical
features of a few materials. The materials which displayed a
piezoelectric effect are called the piezoelectric materials. In
general, the piezoelectric effect can be classified into direct
and converse effects. Thus, after compressing (or mechanical
straining) the piezoelectric materials, an electric charge is
accumulated at the electrodes, which are positioned at the
surface. This refers to a direct piezoelectric effect (or
piezoelectric transducer). In Figure 3a, the researchers have
described a simple piezoelectric transducer, while Figures. 3b
and c present the longitudinal and transverse generators,
respectively [17].

—
=
b

@
-z,
‘ T
in 5> f
74P J_F
Bip ) ¢ You#d W
L— L—-s + L ¥

(b) (c)

Fig 3. Basic piezoelectric transducer (a) Schematic illustration
of a piezoelectric transducer (b) Longitudinal (d33) (c)
Transverse (d31) [18]

1.2 Earlier investigations on piezoelectric energy harvesting

Many techniques were suggested for extending the energy
harvesting process for a broad frequency bandwidth [19]. For
example, mechanical stress was applied to the converter to
tune its resonance frequency. The conversion of the vibration
energy into electrical energy was initially proposed by
Williams and Yates [20]. They determined 3 possible
vibration-to-electric energy conversion techniques, i.e.,
electromagnetic, electrostatic and piezoelectric transductions.
Also, [21] modelled the piezoelectric energy harvesting
techniques from the pavement deformation that occurred due
to vehicular movements. In the case of smooth-moving traffic
conditions (i.e., v =30 m/s), the immediate power output was
seen to be maximal at 41.2 and 47.26 mW for the single-wheel
and four-wheel loads, respectively.

In the civil constructions portray a basic vibration
frequency of less than 10 Hz can be noted [22]. Accordingly,
traffic applications in this area are deemed low frequency
applications. A separate effort by [23] highlighted the
harvesting of energy from vibrations emanating from the
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movement of traffic over bridges. This was achieved with the
utilization of a cantilever piezoelectric harvester. The
researchers noted that an average amount of power of 0.03
mW could be generated in the region, with the regulated
voltage ranging between 1.8 and 3.6 V, at a frequency less
than 15 Hz. [24] first developed the MEMS-based micro scale
power generator device. Furthermore, the design of the 170
um x 260 pm PZT cantilever device involved a flat
configuration and included the proof mass at the end. This
beam successfully generated 1 pW of uninterrupted electrical
power, at 2.4 V dc for the 5.2 MQ resistive load. Additionally,
Hard and soft PZT ceramic samples acquired from American
Piezoceramics incorporated were utilized for the harvesting of
energy under elevated force (~100 N) at a frequency of
(~100-200 Hz). At a frequency of 100Hz and a force level of
70N, 52 mW power was realized from a cymbal measured
across a 400 kQ resistor. The investigation opted for cymbal
transducers instead of other transducers such as multilayer
stacks and bimorphs as cymbal transducers come with higher
piezoelectric charge coefficients (d%) and piezoelectric
voltage coefficients (g%) [25] and [24] observed that
cantilever-based piezoelectric devices are mainly directed
towards applications in the vein of microelectromechanical
systems (MEMS). A further investigation by [26] where they
studied a Piezoelectric Cymbal Transducer (PCT) to identify
its capacity for harvesting in a mechanical as well as electrical
setting. An overall power production of 0.46 mW was realized
with a PCT measuring 32mm in width together with a 0.3mm
thick end under a 50N force across a 3MQ load resistance. Of
late, this design (as displayed in Figure 4) has been employed
in a range of applications that include actuators [27-30]. This
device was able to generate a maximal output power of ~1.2
mW at the vehicle load frequency of 20 Hz. This was
beneficial for the roadway applications since this technique
included the compression-based piezoceramic technology and
supported the low-frequency excitation. A Piezoelectric
Cymbal Transducer (PCT) was an off-resonance energy
harvester, with the piezoelectric stack configuration. The
researchers used the cymbal structure for improving the output
of energy harvesters.

Slip Rings Metal endcaps
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|

Fig 4. Structure of the Piezoelectric Cymbal Transducer
Transducer [26]

Table 2 compared 3 research groups, who applied the
piezoelectric technology for generating energy from the
roadways. The report showed that higher power was generated
using one lane compared to others.

Table 2. Comparison of 3 research groups who used the
iezoelectric technology for generating energy from roadways

Parameter Genziko ODOT Innowattech
Generated 13-51
Power Per Km 486 KW 100-200 KW
. KW
(single Lane)
Vehicles per
Hour (single | 600-2250 600 600
Lane)

In our previous paper a single PCT was tested, the
produced power was about 14.126 W, 29.746 W and 6.47 W
in a single-lane traffic model with different arrival rates A. This
amount of power could be sufficient, in case of planting arrays
of the proposed PCTs along the road.

There are several studies discussed and experimented
energy harvesting [31, 32]. Some of them focused on
nonrenewable energy sources whereas others focused on
renewable energy sources [33-38]. Many renewable energy
harvesting sources generate renewable energy like the
thermoelectric generators, photovoltaic cells, wind turbine
and mechanical vibration appliances like the piezoelectric and
even the electromagnetic mechanisms. The investigation
proves that, vibration as energy harvesting source provided
high power density compared to the other sources. Although
there are several studies focused on harvesting power based
on vibration, still this area has issues can be addressed include
not limited to; improve the energy harvested and increase the
power density as that important to operate sensors or other
small electronic devices. In addition, most existing methods
studied and investigated different method of harvesting power
from different vibration source without considering and
focusing on different parameters such as testing several mean
arrival raters, different resistance, several road lanes, and they
mostly ignored testing and simulating one set array of 4*4
PCTs and two set of 4*4 arrays of PCTs. Therefore, it is a
paramount to study and investigate power based on vibration
to attempting energy harvesting improvement and to attempt
to increase the power density as that important to operate
sensors or other small electronic devices as well as to study
and investigate different vibration source considering and
focusing on different parameters such as testing several mean
arrival raters, different resistance, several road lanes, and they
mostly ignored testing and simulating one set array of 4*4
PCRs and two set of 4*4 arrays of PCTs. In this paper, an
electromechanical-traffic model of compression-based
piezoelectric energy harvesting that exploits vibrations
derived from traffic movement is tested and simulated to
harvest energy from this movements.

2. Methodology

Here, the model taxonomy can be categorised in 2
categories, as described in Figure 5. The piezoelectric model
was used, based on an electromechanical piezoelectric 2DOF,
similar to that described earlier [29, 39-41]. The
electromechanical piezoelectric model was used for lab
experiments to test the prototype under harmonic excitations.
While using the model for determining the general traffic
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pattern, the researchers need to stimulate the complete
electromechanical-traffic model for understanding the actual
picture. The traffic model was developed using the Cellular
Automata (CA) model and could be initialised in the single-
lane or the multiple-lane models [42].

Integrated Model

Traffic

Single Lane

Multiple
Lane

Piezoelectric

Piezo-Traffic
Model

Fig 5. Taxonomy of Models

The researchers proposed the use of a compression-based
piezoelectric model as the roadway energy harvester. Under
dynamic compression forces, each compression cycle
generated energy as pulses [39]. The proposed model
compression based piezoelectric traffic model (CPTM)
requires a collaboration of three models to be effective in
modelling a real-life scenario of a compression based energy
harvesting system. The models involved are the traffic model,
vehicle dynamics model and piezoelectric model as shown in
figure 6. The traffic model enables the simulation of traffic on
the road. This provides the set of vehicles that interact with the
piezoelectric model to generate the voltage and power to the
energy harvesting system. The vehicle dynamics model
connects the traffic model and the piezoelectric model such
that the movement of vehicle from the former is properly
reflected.

Compression based
piezoelectric traffic
model

' ‘ !

Traffic Vehicle Piezoelectric
Model Dynamics Model
Model

Fig 6. Involved models to simulate real-life scenario of a
compression based energy harvesting system.

2.1 2DOF Piezoelectric model

It was noted that the traffic model interacted with the
piezoelectric model. It has been recommended that the
external intervention stimulated the attainment of optimal

frequency. Hence, this model was used for determining the
optimal solution for energy harvesting.

The piezoelectric model that was selected for this
simulation was a 2-Degree-Of-Freedom (2DOF) model,
developed by [39]. This model could be used for civil
buildings, highways and roads for harvesting electrical
energy. It displayed many mechanical and electrical
properties. Figures 6(a) and 6(b) describe the PCT and
electromechanical models. The PCT produces electric charge
and converts the external kinetic energy into electrical energy
[43].

The researchers used PCT for enduring the large
compressive loads existing in the civil infrastructure system
applications. This model can be effectively embedded into
roads, civil buildings and highways for harvesting electric
energy. They expected the piezoelectric cymbal to generate an
electrical charge by converting kinetic energy into electrical

energy.
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Fig 7. (a) Piezoelectric Cymbal Transducer (PCT) [44] and (b)
Electrical and mechanical properties of piezoelectric model
[40].

Table 3 describes the general properties of the
piezoelectric material selected in the study and compares it to
the standard properties of piezoceramic materials stated by the
APC International.

Table 3. Properties of the piezoelectric materials [45]

Property APC 840 APC 855 APC 880
dsslpm/V] 290 630 215
Kas 0.72 0.76 0.62
£55 /& 1000 3800 1800
o, 500 65 1000

The researchers developed the electromechanical-traffic
model using a single PCT which consisted of the poled
piezoelectric disk (which was covered with the electrodes on
their bottom and top surfaces). Table 4 presents the parameters
used in the piezoelectric model.

Table 4. Properties of the piezoelectric materials selected in
the study

Parameter Symbo Value

mass of metal cap layer mr 0.0330

damping of metal cap layer cr 0.0300

elastic coefficient of metal cap kr 570000

deformation of metal cap layer Xr 0.1000

mass of piezoelectric material mp 0.1220
elastic coefficient of kp 270000000

Damping of mechanical structure ch 5.1000
elastic coefficient of mechanical kh 275000000

2104



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

S. Gareh et al., Vol.g9, No.4, December, 2019

0.7600
0.00000007

electromechanical conversion N
Capacitor Cp
2.2 Traffic Model

Different studies used a variety of traffic models. In this
report, the researchers have investigated the traffic model,
described earlier [46], which used the cellular automata [47]
mechanism for modelling the complex behaviour of the traffic
based on a discrete timeline. This traffic model was developed
for simulating the general vehicular movement over the
piezoelectric harvester. Figure. 8 shows a diagram of the car
that was speeding with ‘a’ acceleration. This traffic model
could estimate the car’s velocity (v) if it could estimate the
vertical forces (Fz) of the front (Fz1) and rear tires (Fz2) with
those on the road [48]. For this purpose, the values related to
the mass of the car (m), wheelbase (1), gravity constant (g),
distance measured between the Centre Of the Gravity (COG)
and the front tire (a1), rear tire (az) and the ground (h), and the
acceleration (a) of the car were required.

a> ;

o ™

@6

T \j
2F., ng 2,

Fig 8. Simple Example for the Traffic Model [48]

It was noted that forces differed for the front (F.) and
back tires (F2) because of the vehicular dimensions, which
affected the centre of gravity. Equations. 1 and 2 present the
forces affecting the front and the rear tires:

1 ha
e (1)
nglg

1 a,
Fpo=5mg—

1 a; 1 ha
Fp=-mg—+-mg-— )
22 mg +2mglg

Wherein, a- acceleration of the vehicle; Fz1- normal forces
acting on the front wheels; Fz2-normal forces acting on the rear
wheels; 1- wheelbase; m- mass of the car; a;- distance between
the centre of mass and first axle; a2- distance between the 2™
axle and the centre of mass; C- centre of mass of the vehicle;
h- height of C; g- acceleration of gravity.

2.3 Integration of the Vehicular Dynamic Model; Traffic
Model and the Piezoelectric Model

In the study, the researchers proposed the (CPTM) was
based on the integration of 3 different models, i.e., the vehicle
dynamic model; traffic model and the piezoelectric model.
Figure 9 showed that the traffic model initially received the
arrival rate, which was described as the traffic flow.

Thereafter, velocity (v) of every vehicle which activated the
piezoelectric device was assessed. Thereafter, the vehicle
dynamic model used the velocity (v) of the vehicle for
calculating the frequency (f) and the vertical force (F). Lastly,
the piezoelectric model used the estimated values of power
(W) and voltage (V).

Fig 9. Integration of the Vehicular Dynamic Model; Traffic
Model and the Piezoelectric Model

2.4 Cellular Automata

The Cellular Automata (CA) had a flexible structure
which consisted of cells wherein every cell evolved through a
group of states which was controlled by some rules. In this
case, the road is partitioned into a constant length Ax while the
time is separated into stages of A¢. Figure 10 shows simple
cellular automata of three cells that oscillated randomly
between two states, either black or white after each second. If
the middle cell is white and there are two black cells on both
sides, then the cellular automata would pause for two seconds
before continuing. The behaviour of cells through the Time,
T1-T6, describes the CA.

state change
based on
interaction

1] l{l}?
H-EEEN

state change
based on time

continue
as normal

pause for
two seconds

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Fig 10. Simple Cellular Automata

2.5 Traffic Structure

After constructing cellular automata, the traffic model
need to represent the road entity in the environment using set
of cells. In other words, the model represents the continuous
road in real-life by a discrete one. Therefore, when a vehicle
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moves along the road, the displacement occur from one cell to
another, progressively as illustrated in Figure 11.

cell

Fig 11. Representation of continuous road by discrete one
(Cells) in Traffic Model

Similarly, it is important to measure a time in a discrete
road. In discrete road passing of time is defined as a time step
as shown in Figure 12. For the sake of consistency, a single
time step is equivalent to a second. Although time can be
measured in a smaller scale such as milliseconds etc., the
smallest unit of time in the model is one second.

QIHIH\H

1

g

Fig 12. Time step

Ti ‘ll

The velocity of the vehicle is defined as the cell velocity
(Veen) and abstracted into a range of discrete quantity. The
most common range is between one to six or v = [0, 6]. The
cell velocity signifies the number of cells that is traveled by
the vehicle per time step or per second. Figure 13 illustrates
the steps of determining the velocity based on the discrete
time.

Cell velocity = 1
(N N e
~ traveled
per
second
e T rrrrr T
Cell velocity = 4
SN N I I
~ traveled
per
second
e [P rrrrp T

Fig 13. Graphical illustrates the steps of determining the
velocity based on the discrete time.

When the cell velocity veen = 1 it is indicate that the
vehicle is moving at one cell per second. In contrast, when the
cell velocity veen = 4, the vehicle covers a total of four cells
every second. If the maximum velocity of the vehicle in reality
vmax 18 set at 120 km/h, then the velocity conversion between
real velocity (v) and cell velocity (veen) can be derived by
dividing the maximum real velocity with the maximum cell

velocity (Veelimax). Thus, the maximum real velocity is first
converted into its equivalent m/s. The entire conversion
between real velocity and cell velocity is given in Table 5.
Each additional cell velocity contributes to 5.5555 m/s
increase to the real velocity and vice-versa. Therefore, the real
velocity = 5.5555m/s * cell velocity.

Table 5. Conversion of Real Velocity to Cell Velocity

Real Velocity Cell Velocity

0 km/h 0.0000 m/s 0

20 km/h 5.5555 m/s 1

40 km/h 11.1111 m/s 2

60 km/h 16.6667 m/s 3

80 km/h 22.2222 m/s 4
100 km/h 27.7778 m/s 5
120 km/h 33.3333 m/s 6

In addition, the length of cell must be clearly defined
when simulating the traffic. There are several traffic
approaches can be taken, however, in this study the researcher
considers the relationship between the real velocity and cell
velocity. Hence, the cell velocity signifies the number of cells
that a vehicle moves, within a time step or a second that is
known from the conversion that each cell velocity translates
to 5.5555 m/s to the real velocity. The length of each cell
should be equivalent to 5.5555 m as demonstrated in the
conversion of real length and cell length as in Figure 14.

Cell velocity =1
P BT
One cell
traveled
per
|Tz 1 |1 | | | ! | ‘ . | l I second
l Real Velocity Cell Velocity One cell
a 0 km/h 0.0000 ms 0 yeldcity
20 kmvh 5.5555m/s 1 5.5555m/s

HEEEEEEEEER

=

Each cell is 5.5555 m in reality

Fig 14. Conversion of Real Length and Cell Length

Figure 15 shows the controlled traffic flow through the
arrival rate to illustrate clear scenario whereas Table 6
illustrated the simulated scenario. The scenario is divided into
high, medium and low traffic flow where the environmental
context is emphasized on a highway.
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Scenario

Arrival Rate

Traffic Model

Traffic Density

|

Traffic Flow

Fig 15. Controlled traffic flow through the arrival rate

Table Error! No text of specified style in document.6.
Arrival Rate Scenario

N S . Arrival | Arrival
0 cenario Rate Rate
Peak hour e.g. 9am and
1 Spm when people are
(High) moving from their 60 1.00
workplace and home
Non-peak hour e.g.
2 during the day, such as 40 067
(Medium) | 1lam but excluding the '
peak hour period
Early morning or in the
3 middle of the night when 20 033
(Low) most people are not on
the Road

The arrival rate for the traffic behavior is modeled with
the Poisson distribution. In effect, it can be mostly mediated
by changing the arrival rate. Based on the traffic model, the
maximum number of vehicles that can arrive on a single lane
is 60 cars per minute or 1 car per second. Anything higher than
that may cause a queue to the arrival where new vehicles
cannot enter the initial cell of the traffic model until is it
vacated. On the contrary, the minimum number of vehicles is
set at 1 car per minute. For the case in the example, the high
scenario is generated when the arrival rate is set at 60 vehicles
per minute. Medium scenario where traffic flows semi-freely
is defined at the arrival rate of 40 vehicles per minute. Finally,
the low scenario where traffic flows freely is determined at the
arrival rate of 20 vehicles per minute.

3. Results and Discussion

This section discusses and summarize the whole obtained
results in terms of the total power generated for the tested
arrival rates A = 1.0, 0.5 and 0.1. To begin by the results of
single lane and single piezoelectric, the results of this test
shows that when the frequency of excitation increase the
outputs power is also increased hence the Vehicles that move
in real traffic may change their velocity and therefore, activate
the piezoelectric device at different frequencies will affect the
output power. In addition, the optimal resistance is between
200kQ and 800kQ2. The model showed that power generation

using the piezoelectric model was affected by the velocity and
mass of the car which activated it. The vehicle velocity was
based on the traffic flow in the model. This relationship was
very fascinating. A higher traffic flow indicated that the
vehicular movement was high during this period; however, it
did not necessarily indicate the higher velocity of the
piezoelectric activation. Hence, it has been considered the
traffic flow at differing arrival rates. The traffic flow was
considered when the mean arrival rate was set at the maximal
value or A =1. Based on the analysis, at high arrival rate, the
traffic flow is 43.38 vehicle/minute. When the number of
vehicles is high, the possibility of congestion is high as well.
This may force the vehicles to lower their velocity to move in
unison.

Considering the opposite scenario, when the arrival rate A
=0.1, which is the lowest value in the study, the traffic flow is
considerably low. Here, it is only 5.98 vehicle/minute.
Whereas the lowest outputs power is obtained at lower arrival
rate and high resistance in the same figures. On the other hand,
the results show that increase the resistance downgrade the
obtained outputs power and decreases it smoothly until the
outputs power reaches its lowest value.

The flow of traffic for three different mean arrival rates
()= 1.0, 0.5 and 0.1 are simulated via eight data sets for each

case as detailed in Table 7.

Table 7. Flow of traffic for three different mean arrival rates

Total Vehicle
BEESEE T A=05 A=01
1 7762.0 5064 1076
2 7846.0 5000 1065
3 7771.0 5018 1060
4 7853.0 5074 1077
5 7839.0 4993 1080
6 7777.0 5083 1089
7 7850.0 5111 1073
g 7774.0 5002 1090

The results also show that at low resistance the outputs
power is always increase whenever the number of PCTs
increase as well as the number of lanes increase. Table 4
summarizes the average of outputs power at arrival rate 1 and
for different resistances with considering the number of lane
and the number of PCTs.

Figure 16 showed an overview of the major aspects
involved in the testing and evaluation of the model. Initially,
the traffic flow was assessed for different arrival rates.
Thereafter, the effect of resistance and mean arrival rate on the
total generated power was analysed by crosshatching the set
of resistances, ranging between 200-1600 k€.
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Result

Mean Resistance
val Rate(x)

‘ Arriv

vehicle / hour

Table 9. Average voltage (V) for two lanes vs Resistance (k)
for different Arrival Rate

. A=1 A =0.5 A=0.1
Resistance (k) Av Av Rl
200 144.16 177.44 166.55
400 223.21 272.68 252.13
600 272.21 313.54 290.11
800 295.65 334.60 310.37
1000 308.17 346.23 320.52
1200 314.46 353.08 326.04
1400 319.12 359.31 328.47
1600 325.24 363.10 332.47

1400k

Table 10. Total generated power (W) of single lane for
different Arrival Rate

1600k2

Fig 16. An overview on the most important aspects for
simulation

3.1 Testing single lane and one set array of 4*4 PCTs

In this test, a single lane road and one set of PCTs array
of size 4*4 were simulated. The results of this test are
presented in Table 8 which presents the power against eight
different resistance (k€2) for three arrival rates (A) = 1.0, 0.5
and 0.1. The results show that the obtained power is high when
the resistance is low. This case is noted at three arrival rates.
The results also show that the highest power could be obtained
when the arrival rater is high.

Table 8. Average Power (W) vs Resistance (kQ) for different
Arrival Rate

Resistance A=1 A =0.5 A =0.1
(kQ) P1 P1 P1
200 86.146 63.208 13.908
400 92.908 76.220 15.946
600 85.376 68.425 18.905
800 73.201 60.361 16.574
1000 63.447 51.519 11.693
1200 55.746 46.529 10.282
1400 49.565 40.108 8.917
1600 44.284 36.302 7.781

P1 refer to Total Power when using one set array of 4*4

PCTs

3.2 Testing single lane and two set arrays of 4*4 PCTs

In this test, a single lane road and two set of PCTs arrays of
size 4*4 were simulated to harvest more power. The results of
this test are presented in Table 9 and Table 10. The table
presents the power (w) against eight different resistance (kQ)
for three arrival rates (A) = 1.0, 0.5 and 0.1. Table 8 shows the
average voltage for two lanes

. A=1 A=0.5 A =0.1
Resistance (kQ2) Total Total Total
200 143.59 113.83 28.59

400 170.78 143.31 33.61

600 160.21 130.62 31.99

800 141.78 112.04 27.14

1000 123.78 101.64 23.53

1200 107.29 88.60 20.14

1400 96.66 77.45 17.83

1600 86.67 70.00 15.82

Total is the total generated power (W) of PCTs 1 and PCTs 2.

The results also show that at low resistance the outputs power
is always increase whenever the number of PCTs increase as
well as the number of lanes increase. Table 11 summarizes the
average of outputs power at arrival rate 1 and for eight
resistances with considering the number of lane and the
number of PCTs.

Table 11. Summary of the outputs power (W) at arrival rate 1
and for different resistances with considering the number of
lane and the number of PCTs

Resistance Single lane Two Lanes

kQ) 1 PCTs 2 PCTs 1 PCTs 2 PCTs

array arrays array arrays
200 86.146 143.59 127.03 286.96
400 92.908 170.78 148.61 345.25
600 85.376 160.21 141.72 319.03
800 73.201 141.78 121.63 277.41
1000 63.447 123.78 106.58 244.04
1200 55.746 107.29 91.68 215.53
1400 49.565 96.66 81.72 191.31
1600 44284 86.67 74.22 175.73

Figure 17 represents the outputs power at arrival rates 1,
0.5 and 0.1 and when two lanes and two sets of PCTs arrays.
The figure clearly summarizes that, the highest power is
obtained at highest arrival rate and with low resistance 400 to
800 kQ.
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Fig 17. The power output at the arrival rate of 1, 0.5 and 0.1
when the model used 2 lanes and 2 sets of PCT arrays.

4. Conclusion

In conclusion, the results showed that for deriving the high
output power, the model required a higher arrival rate and
several PCTs. The total power was dependent on two factors.
First, the velocity of which most vehicle passes through the
piezoelectric device. Second, the total number of vehicles that
activates the piezoelectric device within a duration which
represents the arrival rate. In combination, the interplay of
these two factors would determine the generation of total
power at the piezoelectric entity. An amount of 345.25 W can
be harvested at the highest mean arrival rate A = 1. The traffic
density in this case is very high in which many vehicles
moving over the piezoelectric. When the mean arrival rate is
lowest at A = 0.1, the traffic flow is very low as well. Given
that there are not many vehicles occupying the road. This
ensures the maximization of the first factor.

Simulation of the model showed that the energy harvester
could generate power using the piezoelectric traffic model in
the 1-lane and 2-lane roads if the PCTs were implanted in
arrays along the road. For harvesting a lot of power, the PCTs
must be uniformly placed along the road. For a highway with
a traffic volume of 600 vehicle/ h, and with the help of
multiple PCT arrays, total electrical power of 170 kW/ km
could be harvested. This harvested energy is used for
powering the normal electric equipment on the roads like the
lighting system, roadside advertisements and emergency
communicating units.
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