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ABSTRACT

Piezoelectric energy harvester devices have attracted much attention re-
cently mainly because they present arealistic opportunity to power wireless
sensors and low power sensor devices. The harvested energy has to be
stored either in acapacitor or alow capacity rechargeable battery beforeitis
availed to the sensor or the device to be powered. Presented in thiswork is
the fabrication of PZT energy harvesting device that was used to experi-
mentally investigate the storage of harvested energy in electrolytic capaci-
torsand inlow capacity rechargeabl e batteries. Other than thework of afew
researchers, thereis little published work on the demonstrated potential of
charging batteries using piezoelectric devices. This research gives experi-
mental results that show the feasibility of charging capacitors using PZT
energy harvesters. Specificaly, it gives some insight into the variations of
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harvested voltage, energy, and power as functions of charging time.
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INTRODUCTION

There has been arecent surge in the research of
energy harvesting using piezod ectricdevicesmainly for
powering wirelesssensor devices 3. Whentheenergy
isharvested by the piezod ectric devicethechadlengeis
the storage of the harvested energy. Typically theelec-
trical energy isstoredinacapacitor or alow capacity
rechargeabl e battery. Much of the present researchin
energy harvesting has concentrated on modeling of en-
ergy harvester performance, and conditioning cir-
cuitsto maximize power output of piezoelectric har-
vester devices. Unfortunately, there hasbeenlittle or
no experimental investigation into the basic storage of

the energy harvested in e ectrolytic capacitorsandin
low capacity rechargeable batteries. Other than the
work by Sodanoi*? thereis not much published work
on thedemonstrated potentia of charging batteriesus-
ing piezoel ectric devices.

Soragein capacitors

Capacitorsoffer themost direct and literal way of
storing electrical energy. Theamount of energy stored
depends on thevaue of the voltage acrossthe capaci-
tor, theareaof the plates, distance between the plates
and the permittivity of thedielectric materia used. For
afixed capacitance, increasing thevoltage acrossthe
capacitor increasesthe energy stored by the capacitor.
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For most practical purposes, ordinary electrolytic ca-
pacitors dominate energy storage mainly because of
their smplicity and easy availahility.

Storagein NiMH batteries

Themost commonly available rechargeable bat-
teriesareNickel Metal Hydride (NiMH) and variet-
ies. For the most application, NiMH batteries have
virtually replaced Nickel Cadmium (NiCd) batteries
in rechargeable applications. Thisisattributed to the
fact that NiMH batteriesare not potentially harmful to
theenvironment liketheir NiCd cousins. In addition,
NiMH do not exhibit signs of the so-called “memory
effect” associated with the NiCd variety. The most
common charging method for NiMH batteriesis a
constant-current charge, but with the current limited,
to avoidtoo great an increase of battery temperature
or to avoid exceeding therate of the oxygen-recom-
bination reaction™. The NiMH battery isbeing re-
placed at arapid rate by Lithium lon batteries, which
have an even greater specific energy and energy den-
sityd. Lithiumion batteries have amuch lower self-
dischargerate than that of NiCd and NiMH, and do
not exhibit any memory effects®. In comparisonto
nickel metd hydridebatteries, lithiumionchargingre-
quiresadditiond circuitry to ensurethat thecell isnei-
ther overcharged nor over discharged. It isfor this
reason that NiMH was preferred to Li-ion batteriesin
thisresearch.

MATERIALSAND METHODS

Materials

Piezoel ectric ceramic sheetsmodel number PSI-
5A4E manufactured by Piezo Systemsinc. (USA) was
used to fabricate the energy harvester device. The pi-
ezoel ectric layerswere attached to an a uminum sub-
strate beam using two-part epoxy glue (Figure1).The
dimensionsand properties of the materialsare shown
inTABLE 1. It should be noted that the luminum was
madelonger to ensure enough material wasavailable
for secureclamping. Theactual clamped length of the
aluminium and the PZT are 150 mmand 72.4 mmre-
spectively. Thewidth of the PZT and duminiumwas25
mm. All the NiMH batteriesand capacitors used were
high quaity, commercialy available samples.
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Figurel: Finished piezoelectric harvester beam device
TABLE 1: Dimensionsand propertiesof PZT & aluminium

Par ameter Value
length, L, 72.4mm
width, w 25 mm
thickness,t, 0.267 mm
PZT
Y oung modulus, E, 66 GPa
Piezo-strain constant 190 E-12 C/N
permitivity ¢33 320E-12 m/V
length, L 185 mm
width, w 25 mm
Al .
thickness 1.57 mm
Y oung modulus,E 70 GPa
Methods

The fabricated energy harvester device was
driven by an electromagnetic shaker, which acted as
the vibration source. It isthe DC output from the
rectifier which was used for capacitor and battery
charging. Throughout the experimental investigations
frequency of vibration was set at about 60Hz, which
corresponded to thefirst resonance frequency of the
devicell,

Capacitor charging

Toinvestigatethe energy storage characteristics of
cgpacitors, different capacitorsshownin TABLE 2were
chosenfor experimentation.

TABLE 2: Capacitancevaluesfor char ging experimentation

Printed Capacitance (pF) Measured (uF)
220 242
470 483
1000 1070
2200 2260

Theexcitation level to the devicewasincreased
toalevel wherethe energy harvester device produced
an output of 20V r.m.s. The output from the device
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wasfed intothe standard full waverectifier circuit con-
structed on a breadboard using Si diodes; and the
DC output from the bridgewasfed to the capacitor to
be charged. Thevoltage and charging time of the ca-
pacitors were obtained and the results presented in
Figures 3-5.

Battery charging

The experimental setup to investigate the ability
of the harvester deviceto charge batteriesis shown
inFigure 2. The batteriesused in the experimentation
weretwo identical 550 mAh GP (trade mark) batter-
iesand two identical 2200 mAh Energizer batteries.
These batterieswere of nickel metal hydride (NiMH)
variety, and haveanominal full chargevoltage of 1.2
V. NiMH batterieswere chosen for usein the experi-
ments because they have ahigh charge density and
they do not require a charge controller or voltage
regulator to be incorporated into the circuitry. As
showninfigure5, the charging circuit consisted of a
full waverectifier circuit, areservoir capacitor of 100
uF, and the battery to be charged. The energy gener-
ated by the harvester deviceis accumulated in the
reservoir capacitor (C). The battery to bechargedis
connected in parallel to the capacitor. The charging
circuit isvery simple, compact and doesnot include
additional active componentsthat canresultinin-
creased consumption of the generated output power
fromthe harvester device.

PZT Device Full wave ——C

Bridge

—— NiMH
T Battery

Figure2: Schematic of battery charging cir cuit™

Thetwo GP 550 mAh batteries used were desig-
nated GP1 and GP2. Similarly thetwo Energizer 2200
mAh batterieswere designated Energizer 1 and Ener-
gizer 2. With the function generator set at first reso-
nance frequency and at optimum excitation level, the
timeto charge each battery to the highest voltage pos-
gble(thenomina full voltageisabout 1.2 V) wasmea-
sured. The Energizer batterieswere charged overnight.
Theresulting charging timefor each battery and thefi-
nal voltageisshownin TABLE 3.
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RESULTS
Capacitor charging
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Figure3: Plot of capacitor voltageasafunction of time
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Figure4: Plotsof stored energy versustimefor different

capacitances
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Battery charging
TABLE 3: Resultsof battery char ging experimentation

. Full charge Total charging
I?\lz?ll\tﬂeay C(arﬁiﬂ; y voltage achieved time
(V) (Hours)
GP1 550 121 6.8
GP2 550 1.23 6.6
Energizer 1 2200 0.98 26
Energizer 2 2200 0.97 27
DISCUSSION
Capacitor charging

According to theplotsshowninfigures4 & 5, if
onewanted to harvest the maximum amount of energy
ina150 second interval, then a220 puF would bethe
best suited for the gpplication. If thetimeinterva isin-
creased to 400 seconds, then the 470 uF becomesthe
best choice. It can be observed from the plotsthat, the
bigger themaximum energy harvestinginterva, thebig-
ger the value of the capacitor to be employed. For a
specified duty cycleof the e ectronic deviceto be pow-
ered, the optimum capacitancefor theapplication can
be precisely chosen. Itisevident from figure5that as
the capacitanceincreases, therate of energy storage
increasesasymptotically towardssome upper limit va ue.
From theseplots, it can be seen that given aspecified
amount of time, aspecific capacitor value can be se-
lected to maximizetherate of energy storage (power).
Asagenerd patternthelonger theamount of timeaval-
ableto harvest the avail ableambient energy, thelarger
the storage capacitor that should be used. It can be
seen fromthefigurethat asthe energy on the capacitor
increases beyond some point, the amount of energy
stored in acapacitor levelsoff and startsto decrease.
Thiscan beexplaned by thefact that energy lost through
leakage increase as the voltage on the capacitor in-
creases, countering the energy being input into the ca-
pacitor. The energy dissipation from the capacitor is
givenby:

Epe = %C(Viz -V2) ()

loss

whereE,__istheenergy logt, Cisthecapacitance, V. is
theinitial voltage on the capacitor and V,isthefinal
voltage on the capacitor. From equation (1), itisclear
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that - asthe capacitor voltageincreases, the amount of
energy lost through leskage increases al so, countering
theenergy being input into the capacitor. Theresults of
thecapacitor charging experimentation confirmthat the
electrica energy harvested from ambient vibrationscan
be successfully storedin éectrolytic capacitorsof vari-
ous capacities. However, the non-ideal nature of ca-
pacitors asstorage devicesleadsto someleakagesthat
cannot beneglected inrea world applications
Battery charging

Theenergy-harvesting device managed to charge
550 mAh batteriesto full voltage in under seven hours
when operating at resonance and driven by ambient
vibrations corresponding to agenerator output of 2.0
V r.m.s. Theharvester device could not chargethe 2200
mAh batteriesto afull voltagevalueof 1.2 V. Thismay
beattributed to thelow output current of thedevice.

However, theresultsconfirmthet itisfeesbletocharge
batteriesusi ng piezoe ectric energy harvesting devices.
Theresultsfrom battery experimentation can beextrgpo-
lated to mean that thisdevice hasthe capability of charg-
ing standard |ow capecity batteriesnamey the40 mAh
and the 80 mAh batteries. Other than the work of
Sodand¥, experimenta investigationsthat demonstrate
thefeasibility of charging batteriesusing piezoel ectric
materialsis seldom reported in published literature.
TABLE 4 showsthebattery charging resultsobtainedin
thisresearch compared to thosereportedin literature.

TABLE 4 : Comparison of research results with those
reported literature

. Charging Time  (Hours)
Battery capacity (MAN) Sodano!¥  Thisresearch
300 6 -
550 - 6.7
750 7
1000 22 -
2200 255

Whilethecapacity of the NiMH batteriesinvesti-
gated inthisresearch had adifferent capacity to those
investigated by Sodand¥ thereisan agreement of trend
of theaverage charging times.

FINDINGSAND CONCLUSIONS

In this research, we have demonstrated that the
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energy harvested by aPZT- device can be successfully
stored in capacitorsand NiMH rechargesbl e batteries.
Theexperimenta resultssuggested exponentid varia-
tionsof energy and power delivered to acapacitor asa
function of charging time. Theresultsshow that piezo-
€l ectric energy harvesting sysemshavethepotentia to
deliver enough power to be used to charge capacitors
and low capacity battery units.
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