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Research Title: Self-Powered System for Machine Condition Monitoring Applications
Researcher: Dr.Don |sarakorn, Mr.Songmoung Nundrakwang
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ABSTRACT

This research presents energy harvesting using an impact type piezoelectric energy
harvester to capture waste energy from machine vibrations and convert them into usable
electrical energy for low power electronic devices. In this work, the concept of impact
energy harvesting is proposed by utilizing a piezo buzzer-as a power generator. Its
electrical characteristics are evaluated when subjected to impact forces in order to
examine the harvestable energy performance. Afterward, the power management circuit is
investigated, which is one specific need to realize fully-functional energy harvesting

Systems.

Keyword : energy harvesting, piezo buzzer, impact type generator, power management circuit
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2.1.5 mafiufisandsnuaindeinday
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2.1.6 nanmsiuYaInIsiuieawasundwanday
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wlasannisiadeulvy wu waspduluumaymslidundreulninildfueueesiiiinis
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o ; .
Vi : J. Carpenter and Y. Ramadass. “Fundamentals of ambient energy transducers in
energy harvesting systems.”
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nsfiuifgmdinuusaregntuaziissiuain mmuILUuYeandsau (Power Density)
MANNISAUNEINGTY Laz9asiansndsuildunnanatusanslunisied 2.1 Taesluuda

= = W o i W 3
gunsalflhuiAgmdinunnmsdeulmaziiieglussiu pw/em

J a L3 a o N ¥
A1590 2.1 W vneraAunasusIndalanaeu (Energy Harvesters)

. . Harvester Circuit
Energy Harvesting Source Power Density . i ) )
Consideration consideration
. Indoor 10 uW/cm? Light intensity and Low power
i
. Outdoor 10 mW/cm? wavelength efficiency MPPT
Vibration Human 4 uW/cm? Amplitude of the .
. ) - ) . AC/DC Conversion,
Piezoelectric Machine 250 pW/cm? vibration and
- Impedance
Vibration Human 50 uW/cm?2 resonant )
; matching
Electromagnetic Machine 2 mW/cm? frequency
Human 25 pW/cm? Thermal gradient, Low-voltage
Thermal -
Machine 10 mW/cm? Heat flux startup
Background 0.1 pW/cm? Distance from ) )
High efficiency
. source and
Radio Waves _ low-voltage
Direct 1 mW/cm? resonance of \ .
rectification
antenna

msAundaan tndiatuudwdsnuiidesfueglusiivdssy wiewunded s1eeldem
< P 3/ ] [ v w [ : R S | o
wivdssglunsalinisldeutue aasldwasuiliuiuy Energy spike AU dULUAADS
& v 2 1 - o ‘v ) = @ o
sziimairlvavesndsnutissniuasienlalusuiiounsaifesnamdnunaeudnai
v @t 0.5 1<l 2 ot I e
nsldwasu anvaulaluwalulad BH lutlhgtuiuegiinisldautunietgwuesi
vinuededasy (nwi 2:5) lumsUssendldwuut EH ssinunasatulus capadtor aantuss
o vow oo G| B AR a o ° =
¥i1m3 boost/regulate TUdwaivvszauieuunmaitui 2 etuvhayusseueesTunsiiu
Toyauaznisdstoya

Ambient energy: light, heat, motion, RF, elc
_Perpetually

Powered
Sensor

Energy : _Energy Storage
Harvester “j & Power Mgmt

4 Ultra Low Powe Low Power
& Micracontroller Transceiver

Sensor(s)

Environment: température, status, position, elc

AT 2.5 uansusuniagenisldnueHlusueed [14]
i1 ; ABB. “Energy Harvesting: Positive adoption trends expected to double the market
within 5 years”




2.1.7 szuulviiie3asnagania
SUUWﬁ"ILﬂ%lmﬂafqamﬂ (Microelectromechanical Systems or MEMS)
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2.1.8 Uringmsalineledianusa
Usngnseitalediannia (Piezoelectric Effect) gnfuwulula.a. 1880
lny Pierre  Curies lafnwmavasanususensifadseqlidwoindnaies (Quart2) finde
(Rochelle Salt) Sayud! (Tourmaline) J1anunsalvifadelwillfiilefussnansyvidanan wilide
Usngnisaifiiniuindsngmsal “faledidavsa’ deunlutl a.#.1881 Gabriel Lippmann &
AnwiAunudsingmsaideunduld TneRersanainndnmesluleuning Aedlvlwiiuglulundn
winfiazduls Tagieledidnydalésunsamy (Mechanical Stress) gty i iAn AUy
il (Electric  Charge). w3an13dni3ganan1aias (Polarization) 138071 “can1amse” (Direct
Effect) (ilovasdaidrduianiitsledidnanianieliussaasiinsrualvaiiineasasuin
Wasuduussiaaziansruaiualuiiansedng nrdszandrnmamsnss wu lulasTuu uas
doyauled sy
TanuiieleBianvianaldauninihaziiansseionsamealondn (Comparison Strain) vin
WiaRansingulvanifie waswinaduirmaresdaunasiinuswasenfa (Tensile  Strain)
Uingnisalaenand 3ana “hannsdan’ (ndirect Effect, Reverse  Effect) UsEYnANa
noeu LU wm1gaufia, ganilefiansiuafaiees (Ultrasonic . Transducers), wanqLaines
(Actuators) Wusiu il 2.6 waadidudmdnnsiemvesieleddavia

Direct Effect
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Reverse Effect
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WITIANTTINGN U (Power Management [Cs : PMIC) Ao 9as8ufiinse
o ‘o ol el v ar  ar W do & 1 a w1 3w
(wipvesTulugunTaidn) Allidwmiudanmendesunduludedissuundn dosadaiigh PMIC
¢ a 5 A-L f A .
gnldlugunsalavaumdsrmudmnuuaseilulvsdwilefiondagunsainam
fa < o a ol » v LY 1 A al
gunsaldiénvseiindluietusnndrudonislunsldussiulwinanedemy fodl
v o 11w o o v T o o v ay v
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| =
N

LICISEE-1

mwﬁ 2.7 WARINTNI99T PMICs LLuuw{ia [15]
731 : Datasheet LTC3588-1

(Y ol L7l o wr -'j du‘j ar o w [3)
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Wauduussulwinvlanufinisedanis

2.1.9.1 2wsdeanssuaiinafuuuuuiad
NesGeanssua (Rectifier Circuits) Wunasilélunisuauseiuladuls
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vasuuIntinue saaastunwil 2.8
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2.1.9.2 2935NBUTSAULITINY

NITNOUTEAULTAUMTD ﬁ'ﬂﬂaunama% (Buck converter) 1flureasiild
WevSussiuussiulaganusadureenlifisydunai ‘?Nﬁ]uﬁl‘N‘U'lllﬂUﬂLﬂUUWUﬁﬂ@UL?HLﬂ@?
(Step-up boost converter) mLflmwsﬁl-mwatwu‘sumumwumaaﬂ‘lmmawu 1950RABUNID
LmaswuﬂsvﬁmﬁmwmmuﬁaamiVﬂULLiaﬂuaaImamuwamuamﬁ&mmwﬂsuaammuaamrﬂ'ﬁ
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Supply | Load

IJ v 3 1] 1
ATAN 2.9 WAAINTWURARAS ULIBMBTDE1941Y [16]
4 “ . B H b
Viu : Tylzael. “Buck circuit diagram.sve.
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a o " A o a 1 P
@nniadszinn PZT luanusmzuadnu (Cantilever Beam) edasvinmslanaaiiuasldasilansvas
4 av o - P’ - o H I d .
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w1 : Multicomp MCFT-36T-2.6A1-139 Datasheet

med 3.1 msenamananAvsaittlevngesiu MCFT-36T-2.6A1-139

Resonant Frequency 2.6 + 0.5Hz
Resonant Resistance 350 Q max.
Capacitance 25000 pF + 30% at 100Hz
Input Voltage 30 Vp-p max
Operating Temperature -20 ~ +60°C
Storage Temperature -20 ~ +70°C
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1 Piezo (Average) 1 Piezo (Max)
RIKD) | Vims(V) | lunglUA) | PogluW) | Virmo) | 105w | P, o(uW)
1 0.190 | 190.000 | . 36.226 0.175/]~175200 | 30.703
5 0.382" | 76333 | . 29.200 0.405 80.400 32.856
10 0.660 66.033 43774 0.721 72.500 51.966
25 1481 || 59253 | 88.259 | 1666 | 66120 | 110.855
33 1.903 | 57.677 | 110534 | 2.152 64.545 | 140.415
50 2.754 55.080 152.806 3.036 60.760 184.370
75 3.569 . | 47.582 | 171097 | 4072 | 52813 | /221206
100 4.367. |.43.667 | 192,021 | 5107 |.50.040 | 260.862
220 6.112 |- 27.782 | 172019 | 7.570 £330 S240.727
440 7.214" | 16395 | 120.448 | 9.079 19.802. | 187.440
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1 Piezo (Avg) 3 Piezo (Condo)
R(KQ) | VimsOV) | Ty (WA) | P luW) | Vi eOV) | s (UA) Pave(UW)
1 0.190 190.000 36.226 0.285 284.800 81.692
5 0.382 76.333 29.200 0.644 128.840 83.383
10 0.660 66.033 43.774 1.143 114.300 131.157
25 1.481 59.253 88.259 2402 96.080 231.072
33 1.903 57.677 110.534 3.003 91.000 274.456
50 2.754 55.080 152.806 3.485 69.700 244751
75 3.569 47.582 171.097 4112 54.827 226.606
100 4.367 43.667 192.021 4.499 44.990 204.633
220 6.112 27.782 172.019 5.948 27.036 161.944
440 7.214 16.395 120.448 6.208 14.109 88.337
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ArUaeY Operation Charging Interval | Charging Interval
R (kQ) | C (WF) interval (ms) 1 Piezo (s) 3 Piezo (s)

22 5 0.89 0.63
33 113 /28 0.90

1 a7 16 1.60 1.24
100 50 3.98 2.179
220 100 7.56 5.36
22 25 0.92 0.67
23 50 1.26 0.99

5 a7 90 1.74 1.30
100 260 3.98 3.00
220 500 8.02 542
22 50 0.98 0.74
33 100 1.38 101

10 a7 200 2.02 1.44
100 680 4.72 3.03
220 1,000 9.45 553
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LY TR

FEATURES

= 950nA Input Quiescent Current {Qutput in
Regulation - No Load)

4500A Input Quiescent Current in UVLD

2.7V to 20V Input Operating Range

Integrated Low-Loss Full-Wave Bridge Reclifier
Up to 100mA of Output Current

Selectable Outpul Voltages of 1.8V 2.5V, 3.3V, 3.6V
High Efficiency Integrated Hysterstic Buck DC/DC
Input Protective Shunt - Up to 25mA Pull-Down.at
Vin 2 20V

Wide Input Undervoltage Lockout (WWLOFRange
Available in 10-Lead MSE and 3mm~ 3mm OFN
Packages

APPLICATIONS

= Piezpelectric Energy Harvesting
Electro-Mechanical Energy Harvesting
Wirsless HVAC Sensors

Mobile Asset Tracking

Tire Pressure Sansors

Battary Replacementdar Industrial Sensars
Remote Light Syitches

Standalone Nanopoweer Buck Reguater

Piezoelectric Energy
Harvesting Power Supply

DESCRIPTION

The LTC73588-1 integrates a low-loss full-wave bridge
ractifier with a gh efficiency buck converter to form a
complete energy harvasting solution optimized for high
output impedance energy sources such as piezoelectric
transducers. An ultralow quiescent currant undervoltage
lockout (UVLO) mode wath a wide hysteresis window allows
charge to accumulate on an input capacitor until the buck
converter can efficiantty transfer a portion of the stored
charge o the otitpui. In regulation, the LTC3588-1 enters
a sleep state in Wigh both.input and output quiescent
currents are minimal, Thesguck.gonverter turns on and
off as needed 1o maintain regulation

Foun loutplt voiages-1 8V 2 5V 3.3%.and 3.6V are pin
selectablewithup tod90mA of continuouSomput current;
hoviever the oufpul'eapacitos May be sizedtservice a
higher output Carrent HUrst-An input protective shunt set
ar' 20V enables.greater efiengiestorage for a givenamount
ot IRpUt capacance.

R A . T

# e e s Sintiat o Alpie R L e e aliet o ek respective
riky

TYPICAL APPLICATION

100mA Piezoelectric Energy Harvesting Power Supply

LTC3588-1 3.3V Reguiator Start-Up Profile
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LTC3588-1
ABSOLUTE MAXIMUM RATINGS (ite 1)
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T, T ..-0.3‘.1 to [Lesser of (Vi + 0.3Vj or 6Y]  Storage Temperature Range .................. -65to 150°C
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_ LTC3588-1

ELECTRICAL CHARACTERISTICS e o denotes the specifications operating
junction temperature range, mwmml.:zﬂ Mi}!.asﬂﬂumwmm

SymBoL PARAMETER CONDITIONS MIN TP MAX uNITs
Va  [lpaVotugeRarge " Tiowimpedarce Source on Vo . wo [ v

o e o SUSOPROONY. 1. SP PRI .1
uvio Vo = 25V Not PGOOD 450 0 nA
Buta Enabled. Siesping Vo = 45V | 950 1500 nk
Buck Enabled. Sieeping Wy = 18Y 17 25 wA
Buck Enabled Mot Sleeping Tew = 04 (Nota 43 150 250 A

Vi Vou Undérvoliage Lockout Thrashod [V Risig
‘IWDHSM Selected D7 = 0. D0 =0 e 37 4 430 v
|} 2.5V Dutput Selected DY =0.D0 =1 e 3 404 430 ¥
| 33V Output Selected, £1 = 1 [0 =0 oI 73 505 53 ¥
! JBVOUNWN m=19‘J:I .; 473 505 5.37 v
V..F&!mg R -
actad O
" Duput Salacted D1 =

36V Dutput Selecaid |0
Youay b\ |
SHUNT

g SN

BRG]

Vpsps o, | DODY input High Vokal
Voo,  {DOD! input Low Voltage
hwpe. o1, iDGD‘ Enpu High Current
oo, [PODUimputlonCurer NN
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ELECTRICAL CHARACTERISTICS

Note 1: Stresses beyond thoss fisted under Absaluts Maximum Ratings
May caute parmanant damags to the devits Exposurs to amy Absolute
Maximum Fating condition for extarded panads may affect dence
refablity and Metime

Mote 2: The LTL3583-1 o5 testnd under pulsed load conditeas such
that T; - Ty The LTCISRAE-1 & guarantesd to maat specdication:
from 0°C 10 B5°C junction temperaturs Specifications aver the -43°C
10 125°T operating wachion 1emperaturs range are assured by design
charactenzation, and cormlaton wih statstical process controls

The LTCI5BE-1 s guaranteed over the bl -40°C 1p 125°C sperating

sunction tamparaturs raege. Ness that the maemum amdient tempsr atisre
constent with thase spacsficanons is determnisd by specific aperatng
conditens in congmchon with board tayout. the rated package therma
rpecance and other aevircnmental factors.

Nota 3: Tha junction enperaturs (T, in ") i calculated fram the amibuent
terrperaturs (T, i °Ch ard power dissipation (P, in Watts) atcording
tothe farmula T = Ty o (P 00,0 where 9y (0 "CW) & the package
tharmal empedance

Notw & Dynamic supply currert is ugher due to gate charge being
dedvered at the swithing frequency

TYPICAL PERFORMANCE CHARACTERISTICS

UVLO Rising vs Temperature

Ty in UVLO vs Vyy
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LTC3588-1

TYPICAL PERFORMANCE CHARACTERISTICS

Bridge Leakage vs Temperature Bridge Frequency Response 1.8V Qutput vs Temperature
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LTC3588-1

TYPICAL PERFORMANCE CHARACTERISTICS

Ipgax vs Temperature emperature
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LTC3588-1

PIN FUNCTIONS

PZ1 (Pin 1): Input connection for piezoelectric element ar
other AC source (used in conjunction with PZ2).

PZ2 (Pin 2): Input conngction for piezoslectric element ar
other AC source {used in conjunction with PZ1).

CAP {(Pin 3): Internal rail referenced to Viy to serve as gate
drive for buck PMOS switch. A 1uF capacitor should be
connected between CAP and Viy. This pin is not intended
for use as an external system raif.

Vin (Pin 4): Rectfied Input Voltage. A capacitor on this
pin serves as an enerqy reservoir and input supply for the
buck regulator The Viy voitage Is internally clamped {c.a
maximum of 20V (typical).

SW (Pin 5): Switch Pin for the Bugk' Switching Regulater
A 10pH or larger inductor shoutd bé connected from SW
to Vout

Vout (Pin 6): Sense pinused to monitorthe-output voil-
age and adjust it through'internal feedbatk:

Vinz (Pin 7): intzrmal low voltage rail fo serve as gata drive
for buck NMOS switch. Also serves as a logic high rail for
output voltage select bits DO and D1. A 4.7pF capacitor
should be cennected from Viyz to GND. This pin is not
intended for use as an external system rail

D1 (Pin 8): Output Voltage Select Bit. D1 should be tied
figh to Viyz or low to GND to select desired Vpyr (see
Table 1).

DO (Pin 9): Output Voltage Select Bit. DO should be tied
fugh to Viyo or low to GND to select desired Vg (see
Table 1),

PGOOD (Pin 10): Power good output is fogic high when
Vour is above 92% of the Target value. The logic high is
vaterancedtothe Vour rail

GND (Exposed Pad Pin 11)-Ground Tha.Exposed Pad
shoud beonnetied ta a continuous grotind plane on the
second layer ot the printed dircuit board bseveral vias
giracty under'the LTE3558-1

BLOCK DIRGRAM

1

IVTUPRALRALL
| anesst

:
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OPERATION

The LTC3388-1 Is an ultralow quiescent current power
supply designed specifically for energy harvesting and/or
low currentstep-downapplications. The part is designedto
interface directly toa piezoelectric or alternative AC power
source, rectify a voltage waveform and store harvested
energy onanextarnal capacitor, bleed off any excess power
via an intarmal shunt regulator. and maintain a regulated
output voltage by means of a nanopower high efficiency
synchronous buck regulator

Internal Bridge Rectifier

The LTC3588-1 has an internal full-wave bridgevectfiar
accessible via the ditferential PZ1 and PZ2 inpUts that
rectifies AC inputs such as those #fomea piezoelectiic
element. The rectified output 15.8toped on a capacitor.at
the Viy pin and can be usad as'an€nargy reservoicfor the
buck convertar. The law-lessdridge rectifierfras a tofal
drop of about 400mV with ypical pierogeperated currens
{~10pA). The bridge i§ capable of carrtnoup T S0mA.
One side of the bridge gan be operated As & single-ended
DC input PZ1 and P22 should naverta shortad tagsthar
when the bridge is i use:

Undervoltage Lockoul (UVLO)

When the voltage ont-Vyy rises above the UVLD rismg
threshold the buck converier is engblad and chargs)is
transterred from tha input capacitortethe catputcapaciton
A wide (~1V) UVLO-mfsteresis windaw € empioyst
with a lower thieshodd approximately 300mV-aboge the
selected regulated outpuivoltage fo-prevent short.oybling
during buck power-up When'the input capaciter valtage
is depleted below the WVLO faliing threshold)the buck.
converter is disabled. Extremely low quiescent current

(450nA typical) in UVLO allowes energy-teatoumufate o

the input capacitor in,stuations where energy must be
harvested from low powersouras.

Internal Rail Generation

Twointernalrails. CAPand Vi, are generated from Vg and
are used to drive the high side PMOS and low side NMOS
of the buck converter, respactively. Additionally the Viyz
rail serves as logic high for output voltage sefect bits DO
and D1. The Viyp rail s regulated at 4.8Y above GND while
the CAP rail is regulated at 4.8V below Vyy. Thase are not
Intended to be used as externai rails. Bypass capacitars
are connected to the CAP and Wiy pins fo serve as energy
reservoirs fordriving the buck switches. When Vi is below
4BV Vppasequal to Vi and CAP 15 held at GND Figure 1
showsthe ideal V. Viyz.and CAP relationship

Y . —
. N ;
Ao Aot R "
r t.‘.’,ﬂu h ¥
= . h
Tt L. e
2 -9 1Y
ﬁ.y—_i.‘.‘;'u Nl big ]
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IP!' b~ - "’.T.:-;-p--
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| f | i" + Ty
ANF *'sﬂ."‘"ffi‘[“'
! b »
1. s 1.3

Figura 1 1deal Vi Vuy and CAP Relationship

Buck Operation

The Huek regulator uses a hystaratic.voitaga algorithm
to'control the GUtpUt thiotnh Internatfzedback-from the
Voyrsensa pmcThe buck eonverter charges.an autput
capacntos thrauah an inductorioavalue slightlyRigher than
the-regulation poink 1t does this by ramping the inductor
curtent up ta-26armA theough an intemal PMDS Switch
and thenramping it down.te OmA through/an internal
NMOSswiteh This afficiently delivarsénergy tothe output
tapatiion TAE ramp'rate is detergiined by My Vour, and
the induttor value, If thedaput voltagefalls below the
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OPERATION

UVLO falling threshold before the output voltage reaches
regulation, the buck converter will shut off and will not
be turned on until the input voltage again rises aboye the
UVLO nsing threshold. During this time the output voltage
will ba loaded by less than 100nA. When the buck brings
the output voltage into regulation the convener enters a
lovi quiescent current sleap state that monitors the output
voitagewitha sleep comparator. Duringthis operating moda
ioad current s provided by the buck output capacitor When
the outputvoltage falis below the regulation point the buck
regulator wakes up and the cycle repeats. This hysteretic
method of providing a regulated output reducas. Josses
associated with FET switching and maintains ap-o¥tput
at lignt loads. The buck delivers a minimunvof 100mA of
average foad current when it is switching

When the sleep comparator8ignals that the dtpat has
reached the sleep threshold the buck converter-may-be
in the middle of a cycleavith current ST AGWING touah
the inductor. Normally'bath synchroneus switthes wotld
turn off and the cugrent in the inductor wostd Treetwhes!
to zero through the NMOS body ditde. The £TC3588-1
keeps the NMOS svatch-o during this imeto prevent the
conduction Ioss that would ocgir i the gipda f the NMOS
were off If the PMOS-son when the Sleep conlparator
trips the NMOS will turmon immediately in ordertoramp
dowin the current It tha IMOS 15 dnat il oe kept on it
the current reaches zerg.

Thoughthe quiesGent Currentwhien the Buck s switching
is much greaterthan the sleep quiescent qurent it is ctill
a small parcentaga of the avaragainductor cterent whish
resuits in high efficlency’oyer most load corgitions. The
buck operates only when sufficient emergy as'teen ac:
cumulated in the inputcapacitorand thetength of tme the
converter needs to transfer energy to the-alfputisimtch
less than the time i1 1akes to accumitate energy Thug. the'
buck operating quiescent cugrent is averagethover along
period of ime so that the tetabaverage'gliescent cagrent
is fow. This teature accommodates sourges/that harvest
small amounts of ambient energw,

Four selectable voitages are availabie bydyingahe outptit
select bits. DO and D1. to GND or Vyz. Table.] Shows.
the four DO/DT codes and their corresponding olftpet
voltages.

LTC3588-1
Table 1. Output Voltage Selection
01 | 08 | Von | Vour OUIESCENT CURRENT fheour)
0 9 18V T
L e
1 | 0 | aw T mea
I Bord

The mternal feedback netwmk draws a smalt amuum of
current from Vo as listed in Table 1.

Power Good Comparator

A povier goodtomparator producesalogic high reterenced
to Vipur on e PGQOD pin. the first time the converter
1eaches the sleep thrashold ohithe programmed Vo,
signaling that the output is in régulation. The PGOOD pin
Wilh ramainigh until Vaur falis t0002% of the desired
Ttequlation vottage-Several sleep cyclesmay.occur during
this time. Additionally, it PGOQDs high andV/jidalls belov
the UVLO-alag theeshald, PGOOD will remai high unti
Your falls 19220k the_desied Teguiation point. This
dllaws autput snergy to be bsed-aven if the input IS Jost.

Figure 2 shawsahebetaviar for Vo r="16\and np lead.

Atl=75s Viybecomes highsmpadanceand is discharged
by/tha guiescent current of the LTC3588-1 and thraugh
servicing Vo Whith/is/disehargsd by s owmieakage
cureat Vo crosses UNLOalling but PGOOD remains high
At Yoy decraases 1o 92% of the desired regulation paint.
The PGOOD pin is desianed 1o drive# micfoprotessor of
Other & 1/0 and i3-hot intended 1o drive higher-current
1cads stchas anLED.

TINE i1,

Figure 2. PGOOD Operation During Transition to UYLO

kel 10

LT

9



52

LTC3588-1

The DO/DY inputs can be switched while in regulation as  Energy Storage

showninFigure 3. 1 V7 is programmed to avoitage with ) ‘
2PGO0D aling threshodabove the o V. PGOOD will fgfﬁr@mﬁﬁmﬁﬁ“;ﬁgﬁfgmg
transition low until the new regulation point s reached. aflhelactmalm St0Tage onacapacitor is proportional
ww"m"r';“‘:gg‘f h?qgﬁagmiﬂgh% t(?a:sl:;:f voltage. PGOOD 40 4ha square of the capacitor voltags. After the output
) voltage is brought into regulation any excess energy Is
stored on the input capacitor and its voltage increases.
T o . When a load exists at the output the buck can efficiently
oiaos ] I sl transter energy stored at a high voltage to the ragulated
e e 2 e omput Whila energy storage at the input utilizes the high
: - hig.in ut the load current is imited 1o what

pply. If larger loads need to be
: u*  be sized to support a
g kor example, a current
goss, high and would
of untit PGOOD

serviced the outpu

i.'—__i_gl
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LTC3588-1

APPLICATIONS INFORMATION
Introduction

The LTC3588-1 harvests ambient vibrational energy
through a piezoelectric element in its primary application.
Common plezoelectric elements are PZT (lead zirconate
titanataj ceramics, PVDF (polyvinylidens fluoride) poly-
mers, or othercomposites. Ceramic plezoelectric alements
exhibit a piezoelectric effect when the crystal structure
of the ceramic is compressed and internal dipole move-
ment produces a voltage. Palymer elements comprised
of long-chain molecules produce a voltage when tlexed
as molecules repel each other Ceramics are often usad
under diract pressure while a polymer can be fiexed mare
readily. A wide range of piezoalectric elemanis ars avail-
able and produce a variety of opessCiselit voitages and
short-circuit currents. Typicallythetpen-circuitvoltage
and short-circuit currents increasewith availabie vivratiohal
energy as shown in Figuse 4¢Piszoelectric elemeptscan
be placed in series or inparallel to achieve desired open-
circuit voltages

mssa..-ja 1
VIBRATIN E‘Jﬁ'n

"
PEMSGYRAENT it

Figure 4. Typical Piezoelectric lﬂﬁ l.ian
for Piezo Systems T220-A4-

The LTC3588-1 is well-suited to a piezoelectric energy
harvesting application. The 20V input protective shunt
can accemmodate a variety of piezoelectric elements. The
low quiescent current of the LTC3588-1 enables efficient
energy accumulation from piezoelectric elements which
can have short-circuit currants on the aorder of tens of
microamps. Piezoelectric elements can be obtained from
manufacturers listed In Table 2.

Table 2. Piezoelectric Element Manufacturers

L vanced Ceramatrics

FIETT Spstens,

b aam.mccd m-net srs Jrr

i @YW pEID.Com

Maasuremant Sm‘
FhPf.r' ‘ l"sm'nen 2)

'l tE ’s‘rnah;n C }J’\nralh:r

Wi meas-sped. com
“nw: Fl u'a uS

| ma.'r'r.-al"r
| -

Mc:;m wam‘mw LS | WA "\!tﬁ,l“‘c'tm sramics cam

ThaTCI583-1wil gatherenérgy-and convertit 1o a use-
able outputveliaga to power microprocessors, wirgless
SENSOs, andwirelesS transmission cofmponents. Such a
vireless sensorapplication May require much morapeak
pawerthama piezozlectiic elemant canprotiuce, However
tha LFC3568-1 aucumulates energyover a long period of
time-fo enable gfficiant use for short power arsts, for
continious oparation. thesehursts must occufikith alaw
ity Cycle suahthatthetotal outputene myduring the burst
oagsnolaxceadthe averagesaurce powerintegrated guer
AN eNergY ACcunTuiation TYC)e For plezoglaciric inputsthe
Himig hetiean pycles coutd be minuies, holrs, or longer
depending cntheselzcted capacitor values and the nature
of the vibrafion S0urce.
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LTC3588-1
APPLICATIONS INFORMATION
MIDE vZTRL
ey A
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Figure 5. 3.3V Piezoelectric Energy Harvester Powering a Microprocesser
with a Wireless Transmitter and 50mA Load Step Response

PGOOD Signal

The PGOOD signal cap be used 1o enable a sleeping
microprocessor or ofher circultny-swhen! Vo reachas
regulation. as shown in Figure 5. Typlealiy Vi will 'be
somewnhere between the UVLO thresholds at ihistimeand
a load could only be supported by the-eput-capacitor
Alternatively. walting a penod.of ¥ma alter PGOOD-goes
highwouldletthe inputcapacitopaccumuiatamoteensegy
allowing load current 15 be maintained fongeras tne bk
efficiently transfers thatenergy te theputput While active.
a microprocessor may draved Smakfodd whan aperating
sensors. and then draw af%arpe- loaddol transmit data
Figure 5 shows the LTC3588-1 régponding smoothly 4
such a load step,

Input and Output Capacitor Selection

The input and output capaditors shodld, be | selected
based on the energynaeds and load reqirementssof ifie
application. In avery ¢ase the ' capacitor Sheuid,be
rated to withstand the highast voliage ever presentat V.
For 100mA or smaller loads, storing nergy at thauinput
takes advantage of the high veliage inpub’since the buck
can deliver 100mA average load current efficintly 1o the
output. The input capacrtor should then Be.sized o Stord
enough energy to provide output power forthetength of
time required. This may involve using a large Capacitor
letting Vi charge to ahighvoltage. or both Enoughenergy

should béstared on the-nput so that the buck does not
reacfithe BVLOAatting threshold which volid hatt energy
fransfer to the putput in-gengral:

1 N 4
ﬁmiwm*éﬂcﬂslvmz =Vovaorains |
VioraLuma S Vi & Vaunr

The above equation can bie-used 1o sze the mputcapadi-
totfo meet the power requirémenis.gtthe output for the
dasired duration’ Here n isdhe average efficiency of the
Buck converter, oger the-nput fang=and V) is the input
Valtage when the bwck begins1o.syich: This-equation
miay overestiniate the mput capagornecessarysince foad
Qurrent can deplatethe outbut capatitor all theway to the
lower, PGOQE threshold J-also-assumes that theinput
sodrce.chargingnas a negiigiie etfact duringthis time.

The duration for which'the regulator slegps depentls on
the Yoad current and‘tha size of the outpu! capacifor. The
sleep tim# deereases asthelodad currentincreases and/or
as theQuiputtapacitor decreases TheOC sleephysteresis
window-1s £12m¥ around tha‘programmed output volt-
age. Ideally this means thatthe sleep time s determined
by the foliewing agtation:
24mv
tsiger=Cour =

IGap

I3

f %
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APPLICATIONS INFORMATION

This is true for output capacitors on the order of 100pF
or larger, but as the output capacitor decreases towards
10pF delays in the internal sleep comparator along with
the Ipad current may result in the Yoy voltage slewing
past the +12mY thresholds. This will lengthen the sleep
time and increase Vigyt ripple. A capacitor less than 10puF
is not recommended as Vot ripple could increase to an
undesirable level.

Iftransientload currents above 100mA are required thena
larger capacitor can be used at the output. This capacitor
will be continuously discharged during a foad condition
and the capacitor can be sized for an acceptable'drop.in

Vout:
#p. ek
tudo

Here Vpyr, is the value af VigT when PGOOD goes Tigh
and Vout- is the desirgd lawer fimit of Vgyr lsuggss-the
average current being deliveregfremthe buck converiern
typically lpgak/2.

A standard surface MOURLERTANMIC capacitor can be Used
for Coyr. though same applications may be Jetter suited
to a low feakage @lumsinum elégtrolytic Tapacitor, o a
supercapacitor. Theseseapacitors can be ohtained. from
manufacturers such aS Vishay Hingls Capacitor AV
or CAP-XX.

|
Cout =(Vour. —Vour- )*2

inductor

The buck is optimized to work with apindugtor in the fange
of 10uH to 22pH4. although Indlictor valués-outside this
range may yield benefits«n some applications For typical
applications. a valig'of T0§H 4s recomiménded) A larger
inductor wili benefithioh voltage applications by increasing
the on-time of the PMOSswittivand improvingeticiency
by reducing gate charge lass. Ghoase an inducter withi a
DC current rating greatenthan 350mA=The DCH .ot the
inductor can have an impacten efficientyas it is a sotrce

ot loss. Tradeotfs between price. size. and DCR should be
evaluated. Table 3 lists several inductors that work well
with the LTC3588-1.

Table 3. Recommended Inductors for LTCI588-1

MAX  MAX |

INDUCTOR L i  DCR | SZEmmm  MANU-
TYPE (B4} ImMA) Q) | {L-W-H| FACTURER
EORKZDIZIDNP| 10 | 4 (018)| 3.3<2 | Sumda
107A5-100M | 10 | €30 (0145] 28<3«18 |  Toko
EPLBITSA0ML | 10« 350 0301 28x3x15 | Colraht
MIPIEs e, 10 | 1000 | 0130 [32.25.10 TOK
VEPTETEIMny, 10 W) 061 [ 20.10.10 Codkrat
SLETOIST |00 S DB 7070445 TOK
Ving and CAP Capacitors

A UF capacadr-should be-connectethbetween Viy and
CAPand a4 7pF Capacitor should be connected between
Ying and GNDJ These capacitors hold up theintemal rails
during buck sWwitching.and campensate the int2mal rail
gensration€isculls. Inapplications yhere the input source
i5 lirnited 10 dess than BV the CAP pin tan-be tied 1o GND
and tha Wy z-oln can.be tiad tofy.as Shown in Figure 6.
A ephonal &6V Zemer dindecan beconnectedto Wy 10
tiamp Vi, inthis scenarig. The ieakageof tha Zener diode
below its Zenar voltage should be copsidered-as it may
e comparableto the quiescent current of the LTC3568-1.
This circult toes not requite the capaciars on Vi, and

CAP-saving components and allgwing-a lowes_voltage

rating for e singie Vi capacitor.

MOkl ? R

Figure 6. Smallest Solution Size 1.8V Low Voltage Input
Piezoetectric Pawer Supply
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APPLICATIONS INFORMATION
Additional Applications with Piezo Inputs

The versatile LTC3588-1 can be used in a variety of con-
figurations Figure 7 shows asingle piezo source powering
two LTC3588-15 simultaneously. providing capability for
multiple rail systems. This setup features automatic sup-
ply sequencing as the LTC3588-1 with the lower voltage
output {i.e. tower UVLO rising threshold) will come upfirst.
As the plezo provides input power both Vi rails will
initially come up together but when one output starts
drawing power only its corresponding Vi will fall as the
bridges of each LTC3588-1 provide isofation. Input picze
energy will then be directed to this lover voltageapagitor
until both Vi, rails are again equal. ThisConfigration is
expandable to any number of LTC3588-%5 powered bya
single piezo as long as the pieza€ansupport the simtotal
of the quiescent currents from gach LTCA588-1

A piezo powered LTC3588-1 can also be used in concert
with a battery connected to Vi to supplement the system
if ambient vibrational energy ceases as shown in Figure 8.
A blocking diode placed i series with the battery to
Vi prevents reverse current in the battery if the piezo
source charges Vi past the battery voltage. A 9V battery
is shown. but any stack of batteries of a given chemistry
can be used as long as the battery stack voltage does not
exceed 18V, Inthis setup the presence of the piezo energy
harvester can greatly increase the life of the battery If
the pigze.source is removed the LTC3588-1 can serve as
astandaione.nanopower buck converter. In this case the
bridge is unused andthe bfoeking diode is unnecessary

Automatic Supply

i

Figure 7. Dual Rail Power Supply with Single Piezo and
Sequencing

Figure 8. Pieza Energy Harvester with Battery Backup
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DANBEROUS AND LETHAL POTENTIALS ARE PRESENT IN OFFLINE CIRCLITS!
EEFORE PROCEEDING ANY FURTMER. THE READER IS WARNED THAT
CAUTION MUST BE ULED ¥ THE CONSTRUCTION. TEJTING AND USE OF
OFFLINE CIRCLNTE. EXTREME CAUTION MURT BE USED IN WORKING WATH
AND MANING CONMECTIONS TO THESE CIRCUITS. REPEAT: DFFLINE
CIRCUITE CONTAIN DAMOEROUS. AC LINE-CONNECTED MION VOUTASE
POTENTMLE. USE CAUTION. ALL TESTING PERFDAMED ON AN OFFLANE
CIRCUST MUST BF DONE WYTH AN ISDULATION TRANSFORMER CONMECTED
SETWEEN THE OFFLINE CINCUIT'S INPUT AND THE AC LINE. USENS AND
CONSTRUCTORS OF OFFLINE CIRCINTS MUST ORSERVE THIS PRECALTION
WHEN COMNECTING TEST EQUIPMENT TD THE CIRCUIT TO AVDID ELECTRIC
AWOCK. REPEAT: AN ISOLANION TRANSFORMEA MUST BE COMMECTED

INPUT AND THE A LI 5 ANY TEST EQUIPMENT 15
PRI, e,

Figuie®. AC Line Powered 3.6V Buck Regulator with
Large Output Capaeilorto Support Heawy Loads

FARELD WAL SLAlE Dl
FROM 3k Frce FRinT

Figure 10 Electric Fisld Energy Harvestes

Alternate Power Sources

The LTC3588-1 isnot limfted to uswith plezoeectric ale-
ments butcan accommodaie awide varigrrotinp it Sources
depending onthe type ofamBient energyravaliable. Fgure 9
shows the LTC3588-Timternalbnidge rectifier connected
0 the AC lin2 in serieSuith 10UC-3150k curmentinting
resistors. This is a high voltage application and minimum
spacing between the line, neutral, and aity high voitage
components should be maintained per the applicable UL
specification. For general off-line applications réterte YD
reguiation 1012.

Figure 10 shows an application whara copper pansisace
placed nearastandard fluorescent roomlight to capacitively

harvest energy from the slectric figld around the fight.
Thedrequencyofthe emission wilt e 120Hz for.magnetic
ballastsbuttoild be highatdfthe light uses elettronic
baffast, The LJ63586-1 bridge ractifier can handie awide
range of inpustraguencias

Fhe LTC3588-1 can alse.be configured fopuse with DC
sources sythas a solar panel orthermal gouple as shown
in-Figures11 and 12 by coenrecting hent 1o one of the
PZ1/PZ2 ipputs. Conneching the two seurces in this way
prevents reverse current from flowing in each element.
Currant imiting resistors shotild be used to protect the
PZl.or.PZ2-pns This€an be combined with a battery
backup-connected to Vyy vith a biocking diode.

TN
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Figure 11. 5V to 16V Sofar-Powered 2.5V Supply. with Supercapacitor lor
Increased Output Energy Storage and Batlery Backup
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TYPICAL APPLICATION
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Energy Harvesting Using an Impact Type
Piezoelectric Energy Harvester

D. Isarakorn, S. Nundrakwang, T. Sudhawiyangkul, B. Suksai, and C. Jongsintawee
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Abstract—This paper presents energy harvesting
using an impact type piezoelectric energy harvester te
capture waste energy from machine vibrations and
convert them into usable electrical energy for low
power electronic devices. In this work, the concept of
impact energy harvesting is proposed by utilizing a
pieze buzzer as a power generator. Its electrical
characteristics are evaluated when subjected to
impact forces in order to examine the harvestable
energy  performance. Afterward, the power
management circuit is investigated, which is one
specific need to realize fully-functional cnergy
harvesting systems.

Keywords; energy harvesting, piezo buzter, impact
{ype generator, power management circuit

I. INTRODUCTION

In past decades, the attention for energy
harvesting from environment has grown
continuously because it can provide infinite amount
of energy without obligation. The available primary
energy sources that can be harvested are solar
energy, thermal, kinetic and wibration [1-5].
However, the energy harvested from vibration can
provide most advantages for industries because
most operating machines vibrate with a wide range
of frequencies [6]. There are three types of
transduction methods for harvesting vibration
energy, electromagnetic [7], electrostatic [8], and
piezoelectric [%] conversions. The piezoelectric
transduction is the most interesting method due to
its conversion efficiency with simple structure and
mass manufacturability [10, 11].

Several piezoeleciric energy harvesters have
been proposed and investigated over the years.
Most previous research focuses on resonant type
energy harvesting systems. These types of
harvesters need to be excited close to their resonant
frequencies in order to achieve the maximum
power generation, As a result, the resonant type

energy harvesters need to be tuned to match their
resonant frequencies with the machine vibrations.
Alternatively, the development of piezoelectric
energy harvesters that can harvest the vibration
energy irrespective to resonant frequency of the
machine would be a promising solution,

This paper aims at the development of an impact
type piezoelectric energy harvester in which a
mechanism is coupled to the piezoelectric
transducer. In such configuration, the mechanical
impact is applied by direct contact on the
piezoelectric iransducer. The electrical energy can
be generated through the impact on the
piezoelectric bending structure. Different aspects
related to harvesting concept, impact type
piezoelectric  energy harvester, principle of
operation, energy management circuit, and
application are addressed.

0. HARVESTING CONCEPT AND DESIGN

The concept of the proposed energy harvester in
this work is illustrated in Fig. 1. The system consists
of two major parts: an impact part connected to base
of the machine and a base part carrving a piezo
transducer. The piezoelectric transducer, which is a
piezo buzzer in our case, is coupled to the impact
element. The piezo buzzer is supported around its
outer edge by making a hole on the base part, which
allows a uniform curvature of the piezo buzzer
under a central impact and thus a better uniformity
of the mechanical stress in the piezoelectric
material.

Based on the energy harvesting concept, a
prototype of impact type piezoelectric energy
harvester was realized as shown in Fig. 2. It has
approximate dimensions of 6.6 cm (diameter) and
2.3 cm (thickness). The device was made by acrylic
plastic. In this work, a circular piezo buzzer



(MCFT-36T-2.6A1-139) from Muticomp was
chosen as a piezoelectric generator because of its
cost effectiveness and high endurance.

Impact Pat

Tiezo
Buzzer

i

x

BasePart

Drilled Hole

Figure 1. Schematic of the concept for proposed energy
harvesting system.

{ohs -~

Figure 2. Photograph of the prototype of impaet type
piezoelectric energy harvester.

III. ENERGY MANAGEMENT CIRCUIT

When the machine starts operating, the piezo
buzzer is set into motion by the impact force
caused by machine vibrations. The impact energy is
then converted to electric - energy —through
piezoelectric effect. The piezo buzzer produces an
AC voltage under vibration, which needs to be
rectified and regulated by an energy management
circuit. Its purpose is to convert the AC voltage
from the piezo buzzer to usable DC voltage for
electronic devices. In this work, the piezoelectric
energy harvesting power supply LTC3588-1 from
Linear Technology was used. The LTC3588-1
shown in Fig. 3 contains a low loss full wave
bridge rectifier and a high efficiency synchronous
buck converter, which transfer energy from an
input storage device to an output at a regulated
voltage capable of supporting loads up to 100 mA.

The LTC3588-1 takes in the AC voltage from the
piezo buzzer, rectifies and produces DC pulses that
charge a storage capacitor. Any stored charge in the
capacitor is then discharged through the buck
converter, which converts the stored energy into a
regulated DC voltage pulse. Four output voltages,

66

1.8V, 2.5V, 3.3V and 3.6V are selectable depend
on applications. Fig. 4 illustrates a typical DC pulse
that was rectified from the AC voltage signal.

..
|8 ]
MIDE V21BL
4l P22 10pH
Vin W Y., Voun
{TC3588-1
™ i 15F | i
T Vour w“
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o i =
25V Vi 00,01 famaye O0TPUT.
ATF GND SFLECT
I B T

Figure 3. Integrated circuit (LTC3588-1) diagram [12].

Figure 4. Typical output DC pulse from the LTC3588-1.

1V, EXPERIMENTAL DETAILS

The proposed system was evaluated by using a
mini air compressor OL-1204 (Fig.5) as an easy-to-
use machine. It has approximate dimension of 23
cm (W) by 24 cm (L) by 32 cm (H) and has a
weight about 8 kg The impact type piezoelectric
energy harvester was mounted under one of the leg
of the compressor as shown in Fig. 6. The vibration
of the compressor was measured by using the EI-
Calc wvibration analyzer at the base of the
compressor. The piezo buzzer was connected to the
LTC3588-1, whose output was recorded by using
the Rigol DS1102E digital oscilloscope.



Figure 5. Mini air compressors OL-1204.

e, BN " ALA O ‘

Figure 6. The proposed system mounts to one of the base of
machine.

V.  RESULTS AND DISCUSSION

The vibration data ~from the  operating
compressor is illustrated in Fig. 8 and Fig 9. Fig. 8
presents the acceleration versus time and Fig. 9
shows the acceleration versus frequency. It can be
seen that the vibration data composes of different
frequencies. The dominant acceleration peaks
appear above 3 kHz However, our proposed
system can harvest energy at a frequency far below
its mechanical resonance. The output voltage of the
piezo buzzer induced by the compressor vibrations
is shown in Fig. 10. The peak-to-peak voltage is
around 20V. However, the offset voltage of 5V was
observed. This could be due to the unequal bending
in vertical axis of piezo buzzer when receiving the
impact force from the compressor vibrations.

Acceleration (mmJs?)

Time (sec)

Figure 8. Acceleration profile of compressor.

|Acceleration] (mns?)

0 B500 (0% TRiY o000 .;Eﬁc Wooo 35000 40000
Frequency (Hz)

Figure 9. Fast Fourier Transform (FFT) of the compressor
vibrations,

Figure 10. (a) Voltage response of piezo buzzer. (b) The
magnification of the voltage response.

The piezoelectric energy harvester was then
connected to the LTC3588-1 with the stored
capacitor of 47 WF. Fig. 11 shows the regulated
3.3V DC pulses measured across a load resistor of
10 kQ. As shown in Fig. 11(a), the charging
interval for powering the 10 kQ load resistor was
3.6 sec. The power was supplied to the load resistor



for 200 msec, which represents the operation
interval (Fig. 11(b)).

Figure 11. The operation of the LTC3588-1 incorporating with
the impact type piezoelectric energy harvester: (a) charging
interval and (b) operation interval.

The stored capacitor should be selected based on
the energy needs and load requirements of the
application. Fig. 12 presents the effect of the
different stored capacitors and the load resistors to
the operation of the energy harvesting system. As
expected, when the size of stored capacitor
increased, the charging interval also increased,
while the load resistor had no significantly effect as
shown in Fig. 12(a). However, when the load
resistor decreased, the operation interval also
decreased as shown in Fig. 12(b). It can be
concluded that the intervals depend on the load
current and the size of the stored capacitor. The
stored capacitor should be sized to store enough
energy to provide output power for the length of
time required.
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Figure 12. Effect of the different stored capacitors and the load
resistors to the operation of the energy harvesting system.

VI. CONCLUSIONS

The concept of impact energy harvesting using
piezoelectric transducer was presented in this
paper. The prototype of impact type piezoelectric
energy harvester was realized using the piezo
buzzer as a power generator. The proposed system
was evaluated by using a compressor as an easy-to-
use machine. The peak-to-peak voltage of 20V was
obtained under compressor vibrations. The energy
management circuit using the LTC3588-1 was also
investigated. The results reveal the potential of the
presented ~ harvester  concept for powering
commercial electronic devices with low-voltage
and low-power capabilities.
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Abstract
This research proposed a study of energy haivesting for machine condition monitoring by using
electric energy from machine vibration with the piezoelectriic effect. The study focused on capture
waste energy from machine vibration, utilizing a piezo buzzer as a power generator, and converts
them into usable electrical energy for machine condition monitoring. The stored enerey could replace
external power supply, which nowaday most machine condition monitoring applied. The experimental
are about using the stored energy to drive electronics devices for temperature monitoring and
compare the results with using an infrared thermometer.
Keywords: energy harvesting, piezo buzzer, impact type generator, power management circuit
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