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Abstract— In the past few years good research has beénlarge network with several sensor nodes and aeqaisition
carried on the energy harvesting systems. Energyeber components requires a centralized energy sourtésato be
system is based on the transformation of acoudliations charged or replaced over time. In remote applioatisuch as
into electrical energy. This harvested energasmg used for structural health monitoring of aircrafts or

niche applications because of its reduced poweswoption ships, recharging, battery replacement or wiring ba very
in modern day electronic systemgibration is one of the tedious and expensive task.

better ways in terms of quality power and is coasd to In many other cases, these operations may be [iexhiy the
bean efficient among other ambient energy soursesh as infrastructure. Further, in order for the sensate®to be
solar energy and Temperature difference. Piezaaleand conveniently placed and used they should be ad ssal
electromagnetic devices are mostly used in conwersif possible which puts an upper limit on their lifieé.
vibrations to ac electric powefThis input stress/vibration There are four possible ways to realize a distebusensor
power can be generated by machines, humans and ritgwork with adequate performance as following

frequency is generally in the range of Hz to KHAe%e * enhance the energy density of the storage system
vibrations are practically available in the form different » reduce the power consumption of the sensor

noises. This paper gives an introduction to endrgwesting « develop self powered sensors by generating or
fundamentals, analysis of low level acoustic vilomt harvesting energy

transformation to electrical power have been dbedri « Transmit the power from a centralized source to the
through simulation results and Comparison of haegpower sensor.

through different levels of vibrations in form obise inputs Out of these various possible solutions the mdftient

are also presented. and practical method is to develop self-poweredseen by

Keywords— Vibratory energy harvester, piezo electric  harvesting energy from the wasted energy.
generator, transducer, BLWN, Gaussian

TABLE I. AVERAGE POWER CONSUMPTION OF

. INTRODUCTION HOUSEHOLD DEVICES [1]
Energy recovery from waste or unused power has hdepic
of discussion in recent times. Unused power existgarious ] Consumption of
forms such as industrial machines, human activighicles, Source Device power (P avg)
structures and environment sources. Among thesee s the EM radio 30mwW
promising sources for recovering energy are pegiodi -
vibrations generated by rotating machinery or eeginin Walk mgge()m play 60mwW
recent years, several energy harvesting approdches been TV remote 106w
proposed using solar, thermoelectric, electromagneiezo
electric. Table | provides the list of power reguient for Mobile(talk/stand by) 2W/3BW
various household electronic devices. The cell ph¢stand Torch light 4w
by) or T.V remote requires a small power level 6fed 100 LAPTOP 10W
mW. These magnitudes of power are possible to be
continuously harvested from human and industriaViy. Next the main type of energy harvester is solargndt is a

very attractive source for powering sensor netwakd the
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solar technology has matured over the years. Otieeofajor
challenges in the implementation of solar technplam
“energy on demand” platforms has been the requinéroé
bulky electronics.

Further, the variation in light intensity (out does. indoor)
can drop the efficiency significantly as shown iable II.
Also, the solar power drops down significantly desithe
building. The other most attractive source is kinetnergy
comprising of mechanical vibrations, air flow andnian
power. The kinetic energy can be converted intcctete
energy using piezoelectric, electromagnetic or tedstatic
mechanism.

It can be easily shown that piezoelectric transthieee more
suitable as kinetic to electrical energy converteraddition to
the advantage of being smaller and lighter the qaksctric
have three times higher energy density as comptarékleir
counterparts electrostatic and electromagnetic

This paper presents the details of electric conmoers
mechanism in section |l than theory of vibratiorumes in
section lll. Section IV presents the basic eleatrquivalent
for mechanical model of energy harvester than etoi
general diagram of generator
harvesting in section V. Section VI details the exmental
results through simulation work. Section VII givdake
conclusion of the experimental work of energy hatee

TABLE IICOMPARISON OF THE HARVESTED POWER
FOR DIFFERENT TYPES OF ENERGY SOURCES TO
ELECTRICAL ENERGY CONVERTERS [2]

Energy | Characteristics | Efficiency | Harvested
Source Power
Outdoor 100mWwW/cng
Light 10~24% 100
Indoor uWien?
Human ~0.1% 60 pW/chm
Thermal . ~1-
Industrial ~3% 10mW/en?
~Hz—human ~4 puWicmi
Vibration _ 25~50% ~800
~kHz—machineq uW/ern?
GSM 900MHz 0.1 pW/cni
RF ~50%
Wi Fi 0.01/cnt
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Il. VIBRATION TO ELECTRIC CONVERSION
MECHANISM
For conversation of vibration energy in to elawtienergy
Williams and Yates[3] have proposed a generalizedehas
shown in Figurel.The basic assumes of the modglaisthe
mass of the vibration source is much greater thanstismic
mass in the generator, and that the vibration souiscan
infinite source of power
The differential equation of motion describing thgstem in
terms of the housing vibration (V @&V, coswt ) and relative
motion of mass (X (t)) is given as:
mgX(t) + dgX (1) + kX () = —myV (£)(1)

Where,
mgis the mass of the system,
dgis the damping constant and
k4is the spring constant.

The total power dissipated in the damper underssiigal
excitation was found to

mg(VOZ(wﬂn)sw3

(-G oo G

P(w) =

kg/
my:

wy,is the system resonant frequency.
¢ = dy/2fRgmy
{ is the damping ratio.

In case of resonance condition, the vibration spet is
known than the device can be tuned to operatecaefonance
frequency ;) of the system, in this case the maximum power
that can be generated is given as:

T )

9\/here, w2

2 3
Prax = "227(3)
Equation (3) implies that the power is inverselgpmrtional to
the damping ratio which should be minimized throggbper
selection of the materials and design. The los®fagroughly
equal to 2) for some commonly used structural materials are
quite small, e.g., aluminium 0.007 and steel 0.05.

In terms of the acceleration the above expressiam loe
written as,

_mg *a’
Pmax - Tn{

4

Where,

a="Vo*wn,?
‘a’ is the acceleration constant. This implies thatput power
is proportional to the square of the acceleration.
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Fig. 1: Schematic of Piezoelectric Generator [1]

Another important conclusion that can be drawn from

Equation.4 is that output power is directly propmrél to the
proof mass of the system and thus reducing the dfizée
converter reduces the conversion efficiency

Il THEORY OF VIBRATION SOURCES
The sources of vibrations are widely availablenature like
from human , machines and most of the vibratimesisured
from commonly available sources as shown in Talltf]!

TABLE Il . ACCELERATION AND FREQUENCY FOR
DIFFERENT VIBRATION SOURCES [4]

SOURCES OF Max peak
VIBRATIIONS acceleration | frequency(HZ
(m/ &)
Engine of car(start) 12 200
Human walk(foot) 3 1
Door frame(just after 3 12¢
close)
Second story floor of 0.2 10C
busy office

This Table 1l gives the information about the \dton
sources measured in terms of the frequency andesatien
magnitude of the mode of vibration. Those vibration low
level frequency, so it called low level vibratiorBy using
energy harvester model can convert this vibratioergy in to
useful electric energy

According to Viennese Reichsbruke Figure.2 [5] shidwe
vibration spectrum for human walking and runningditions.

Figure.2a shows the vibration spectrum for the huma

marathon (running) and Figure.2b, for the persoakkiwg or
crossing the road at the regular traffic systeme Hbove
graphs shows the acceleration {h)/vs frequency from this
when human in marathon condition, getting maximu
acceleration at frequency of 2.5HZ.and in normdking case
maximum acceleration at frequency of 6.5 HZ.
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Fig. 2: (A) Vibration Spectra For Human Marathon (Rumg
(B)Vibration Spectra For Human Walking (In Regulagffic)

(5]

V. ELECTRICAL EQUIVALENT FOR
MECHANICAL MODEL

The iota power generated by the converter is medsacross
the electrical load. In order to analyze the framyeresponse
of the electromechanical system it is easier tdoper the
analysis using the equivalent circuit model. Tabg1] lists
the analogy between the mechanical and electraanpeters
that can be used to derive the equivalent cirauitaf given
mechanical system.

TABLE IV CONVERSATION EQUIVALENCE BETWEEN

ELECTRI
Electrical Mechanical CAL
parameter parameter ANDME
Voltage(v) Force(N) CHANIC
- AL
Current(A) Velocity(m/s) PARAME
Resistanceg) Damping(N-s/m)| TERS [1]
Inductor(H) Mass(Kg)
Capacitor(F) Compliance(m/N)

The dimension of mechanical impedance is same asoth
mechanical resistance and is expressed in the sartge
N-s/m, often defined as mechanical ohms. Figur¢3hbws
the electricalequivalent circuit of the vibration source and
elastic load. These equivalence relations caniusmalyzing
the performance of the system

v

Ka/s

L.
%

V=
va

F(s)

d= )
Zeourcrs
a=1/Ca

Fig.3:A Electrical Equivalence of the Mechanicak&ym of
Vibration Source
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The power reaches maximum at an optimum load wfoch
the equivalent circuit shown in Figure. 4b is gian

R =R+ 2 @
V. GENERAL DIAGRAM OF GENERATOR

BASED VIBRATIONS ENERGY HARVESTING

Fig.3:.B Electrical Equivalence of the Mechanicgs&m of
Elastic Load

In the off-resonance condition the modeling of gemerator
can be significantly simplified as illustrated irg&re4. Figure.
4a shows the schematic of the piezoelectric blmord%I o
transducer of height H, length L and width W sutgedco the ‘ 4 A 2 N\
AC force F. The load dependence of the bimorphhe t [;.'\—} @ @
frequency range far from the resonance can be ctadpwy ‘ "N

using the equivalent circuit representation showrFigure. MECHNICALVIBRATIONS PIEZO ELECTRIC ELECTRICAL
4b MATERIALS POWER OUTPUT

Fig. 5 General Diagram of Generator Based Vibraton
Energy Harvesting Using Piezoelectric Material [7]

The piezoelectric transducer converts vibratiomaigo useful
electric output.Figure.5 shows the general diagran
generator based vibrations energy harvesting using
jezoelectric material.

VI. EXPERIM ENTAL RESULTS AND

DISCUSSION
A. Analyss Of Different Vibration With Simulation
Result
B Piezoeleotric Genera tor In this analysis the vibrations in form of noises &
| characteristics of the vibrations, by applying thagbration
| < Re signal input to electrical equivalent of mechanioabdel or
piezoelectric transducers.
@ Yes § e Those vibrations or noises are
e * Band limited white noise
* Gaussian noise
Fig. 4: Schematic of the Model for the PiezoeledBimorph.  Rayleign noise
A) Strain In A Bent Rectangular Section Cantilelver Width * Rician noise
W And Thickness H [1] The electrical responses of the parallel type piefrtric
B) Equivalent Circuit Representation Of The Pieeotlc model for different noise input are observed. Fégbir shows
Generator In Off-Resonance Condition the Electrical equivalent of parallel type piezatlie module

with vibration input.
In this circuit the voltage source is taken to e dpen circuit
voltage across the bimorph. The voltage acrosdahe can
then be expressed as [6]:

RLoad

Vioaa = Voc o o+l ire
Load Jwc N

(5) S R B

tané

WhereR;is the series resistangeRs = ) and C is the EEEHIETEE O %

Frefuency z)

damped capacitance of the bimorph. The average mowe
delivered to the load can then be found using Kpeession:

vz Load
p = . Load
2RLoad ( )
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Fig. 6: Electrical Equivalent Of Parallel Type Piezoelect
Module With Vibration Inpt

To analysis the different noises & compared wite #act
response of those noises. Figurehdws the simulink modu
of piezo electric module. For the BLWN noise asijgui anc
the module have lumped parameters R=1Q, L=330uH,
C=5pF and it gives aximum response at frequency 99 H
in terms of converted power 2.1 nano watts and igeed
voltage 3.25v . In case of low frequency rangeo(13 Hz) the
maximum response at frequency 8 Hz, in terms o¥edad
power 1.9 nano watts and 3.1volts

TABLE V COMPARISON OF DIFFERENT NOISES W
MAXIMUM VALUES

BLWN T Ve ve
GAUSSSIAN it RC <

RAYLEIGN

RICIAN

e g o g g 8 g @
£ 5 ¢ £ £

NOISE SIGNALS.

RLC WA Vostore
INUPUTS g

vﬂﬁmll£§

M OUTPUT FOWER IN freg
TIME RESPONSE GUTPUT

Type of | Maximum values of Maximum values of
noise (1 to 100)Hz (Lto 15)HZ
generat | Freque | Volt | Pow | Freque | Volt | Pow
or ncy age | er ncy age | er
(na (na
no no
watt watt
s) s)
BLWN 99 325 21 8 3.1 1.9
GAUSS 99 3.9 3 275| 15
IAN
RAYLE 99 39| 29 11 3.2 | 2.02
IGN
RICIAN 99 595| 6.6 3 4.3 3.8

Fig. 7: Simulink Modul®f Piezo Electric odule

In case of Rician noise as a input for the modulgenerate
better output responses at frequency 99 Hz compa
remaining noise inputs. The output responses imgeof
converted power 6.6nano watied voltage 5.95volts.Table
shows the Comparison of Different Noises with Maoir
Values.

In graphical manner FiguresBows the Comparison
Different Noise power Responses for Parallel T
Piezoelectric Module with R=1772K L=330uH, C=5p

NOISE RESPONSE OF CIRCUITI (R=177K,L=3308 6H,C=5pF)
T T T T

50
FREQUENCY

Fig. 8: Comparison Of Different Noise Power Responses
Parallel Type Piezoelectric Module With R=17Q,
L=330uH, C=5pF
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TABLE VI. COMPARISON OF DIFFERENT NOISES W
MAXIMUM VALUES

Type of Maximum values of (1 to Maximum values of (1 to
noise 100)HZ 15)HZ

generator | Freque | Volta | Power | Frequency | Voltage| P

ncy ge 0

w

er

(1 (1

watts) w

at

ts

)

BLWN 99 3.3 0.31 8 3.15 0.

2

7

GAUSSIA 99 3.9t 0.445 5 2.78 0.

N 2

0

1

RAYLEI 99 3.9¢ 0.3 11 3.23 0.

GN 1

9

RICIAN 99 6 0.64 3 4.38 0.

2

6

The response of parallel type piezo electric modide

different type coil parameters. For coil 2 outpwlues is

shown in Table VIIn graphical manneFigure. 9 shows the
Comparison of DifferenNoise power Responses for Para

Type Piezoelectric Modu with R=580KQ, L=680uH,

C=750pF
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BLWN
06 ==m=m GAUSSIAN -
—— RAYLEIGN
0551 —— RICIAN

0.

The parallel type piezo electric module with coig@nerating
good range of power and voltage compare to remgibio
coils. By observing the Figure.10, Rician noiseugable for
analysis of high power range responses. Gaussiah an
Rayleign noises are suitable for analysis of medpower
w7 ] range responses for low power range analysis thé&/BLis
e B » » =  suitable.For the analysis of noise apply the nomgmit to

Fig. 9: Comparison of Different Noise Power Ressrfer ~ Se€ries type piezo electric module, it shown in Fegd1.
Parallel Type Piezoelectric Module With R=580K '
L=680pH, C=750Pf e =——

The response of parallel type piezo electric modide

different type coil parameters. For coil 3 outpw@iues is

shown in Table VllIn graphical manner Figure. 1@wh the

Comparison of Different Noise power Responses fmalkel

Type Piezoelectric Module with R=0.02388 L=1mH,

C=190pF

POWER IN MICRO WATTS

Ros (0]

NOISE RESPONSE OF CIRCUIT3 (R=0.02368,L=1e-3H,C=190¢-6F) Flg . 1 1. Ser' es Type Pl eZOG|eCtrI C M Od u I e

T
BLWN

0221 === GAUSSIAN
—— RAYLEIGN
0.2 —— RICIAN A NOISE RESPONSE OF SERIES RLC CIRCUIT (R=580K,L=680e-6H,C=750e-12F)

----- GAUSSIAN
B —— RAYLEIGN
——RICIAN

POWER IN WATTS
o o o
I
T

POWER IN NANO WATTS

FREQUENCY

Fig. 10: Comparison Of Different Noise Power Resssn FREQUENCY
Of Parallel Type Piezoelectric Module With R=0.0886 Fig. 12: Comparison Of Different Noise Power ResgasnFor
L=1mH, C=190uF Series Type Piezoelectric Module With R=580K=680uH,
C=750pF

The responses of series type piezo electric modiite coil2
parameter are shown in Figure. 12. The output respeoalue
TABLE VII. COMPARISON OF DIFFERENT NOISES WITHof series type piezo electric module is shown iblg&a/Ill.
MAXIMUM VALUES

Type of | Maximum values of [ Maximum values of (1 TABLE VIIl. COMPARISON OF DIFFERENT NOISES
noise (1 to 100)HZ to 15)HZ WITH MAXIMUM VALUES
generat | Frequ [ Volt | Po [ Freque| Volt | Powe | [Type | Maximum values of (1 to | Maximum values of (1
or ency age vv_er ncy age - r of 100)HZ to 15)HZ
(in (inwa noise | Freque | Voltag | Powe | Frequen | Volta | Po
wat tts) gener | ncy e r cy ge | wer
ts) ator (nano (na
BLWN | 99 | 325| 008 8 | 31| 007 Watts o
GAUSS 99 3.9 0.11 5 2.7 0.055 ) wat
IAN 5 ts)
RAYLE [ 99 | 39 | 009 11 | 32 | oors| | PRV 9 | 325 | 14 8 31| 28
IGN 8
RICIA 99 5.9 0.21 3 4.35 0.14
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GAU 99 3.9 3.6 5 2.7 2.qesistance 6725/ delivered the highest power output of
SSIA | 45pico watts as shown in Table IX .In graphicalnmex

N figure.14 shows the Comparison of varidysvalues power
Eéé 99 3.95 6.4 11 3.2 4"Responses for Piezoelectric generator Module witB8RKQ,

N C=750pF.

RICI | 99 59 | 148 3 43| 97 e
Compare to the parallel type piezo electric moduith series i T b

type piezo electric module, parallel type piezactle module

converting more power by Table VIII. &Table VI.

B. Electric Output Power Of The Piezo Electric Generator

The dependence of the electric output power ofdngce on
determine
output.Figure.13 shows the module of piezo elegjeicerator.
Table IX shows the converted output power for défe loa

the

values.

Accel (G*/ Hz)
s 3 3 & 3

load

resistance

to

the

Rs

Fig.14: Comparison of varioug, values power Responses for
Piezoelectric generator Module with R=58QKC=750pF

maximum

Fig.13: Piezo Electric Generator Module

TABLE IX COMPARISON OF VARIOWRS VALUES WITH

MAXIMUM VALUE

The electric converted power is proportional todeesistance

g atresonance condition means load resistance &mjusburce

resistance equal to source resistance the genegrateer 21
pico watts on resistance of 58@XIn the case of all 4 types
the optimum load resistance is always higher tlmnsbource
resistance.

VILI. CONCLUSIONS

The piezoelectric converter is good choice for na@ital to
electric energy conversion compare to remainingveders.
The piezoelectric generator has the better futupgraovide self
power to sensor nodes, army applications in solgteres,
security and communication. In future it will giveetter
services to every low powered electronic applicatio

The noises response of different type of noisesaadysed by
applying to various types of piezoelectric genaratiocuits
using SIMULINK.On comparison of different noises thvi

maximum values in the Table V- VII..It is concludict
« Band limited white noise can used for analysis of

low power range (0-2 of power, when coill, 2.
(0-0.08)W power ,when coil3
e Gaussian and Rayleign noise generators used for

analysis of medium power range (2:8) of

power(coill,2), (0.09-0.15)W power(coil3)

* Rician noise generator can be used for analysis of
high power range (3-#V of power (0.15-0.25)W

Ry Maximum values of (1 | Maximum values
values to 100)HZ of (1 to 10)HZ

Frequency | Power(pico | Frequency | Power

watts) (pico

watts)

580KQ 99 21 8 13
262.5KQ 99 9.5 8 5.9
4825KQ 99 170 8 105
6725KQ 99 290 8 145

The basic piezoelectric generator is analysed watious load

For the analysis of frequency range (1 to 100 He)lbwest

power produced by resistor R1 (9.5 pico watts 0A.2&Q),
while resistor R4 delivered the highest output poveé
290pico watts on a resistive load of 672Z2KFor the analysis presents useful facts which will be helpful in pice

of low frequency range (1 to 15 Hz), the lowest powef

values in physical view range of pressure on tleeqelectric
transducer. By increasing the value of pressure, gbwer
developed also increases the values are shownbile T& and
graphical representation shown in Figure. 14.Thalyais

implementation.

5.9pico watts on a resistive load of 262.% Kwhile load

www.ijaers.com

Pagd13



International Journal of Advanced Engineering Research and Science (I JAERS) Vol-2, Issue-12 , Dec- 2015]
| SSN: 2349-6495

REFERENCES

[1] ShashankPriya, “Advances in energy harvesting using
low profile piezoelectric transducers”, J
Electroceram9:165-182, 2007.

[2] “Energy Harvesting for No-Power Embedded Systems”,
Adrian ValenzuelaTexas instrument©ctober 28,2008.

[3] C.B. Williams, R.B. Yates, inThe 8th International
Conference on Solid-state Sensors and Actuatord, an
Eurosensors IXStockholm, Sweden, pp. 369-372,1995

[4] zZhang P., Sadler C. M., Lyon S. A., and Martonosj M
“Hardware design experiences in zebrardstd, ACM
conference on embedded networked sensorsystems
(SenSys '04)Baltimore, MD, USA, Nov 3-4 2004

[5] Klimiec E., Zaraska W., Zaraska K.asorski K. P.,
Sadowski T and Pajda M., “Piezoelectric polymem§l
as power converters for human powered electronics”.
Microelectronics Reliability48(6), pp. 897-901, 2008.

[6] Rocha J. G, Goncalves L. M, Rocha P. F, Silva Marfel
Lanceros-Méndez S., “Energy harvesting from
piezoelectric materials fully integrated in footwea
IEEE Trans. Ind. Electron57(3), pp. 813-819, 2010.

[7] Ramusrikakulapu., “* Some aspects of energy hangsti
and use of acoustic vibrations”, M.Tech thesis, 201
NIT Kurukshetra.

www.ijaers.com Pagd 14



