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ABSTRACT

In industrial process, machine monitoring system is indispensable due to its
ability to predict and prevent an endangering situation in the process. By utilizing a
wireless sensor node with battery as power source, the monitoring system can be
flexible and appropriate for harsh or inaccessible environment. However, when the
battery reaches its life span and needs to be replaced or recharged, it would cause
loss in time and resources. To overcome this issue, this research proposes an energy
autonomous wireless sensor system for ball screw fault diagnosis. The proposed
system is composed of vibration monitoring wireless sensor node and linear motion
energy harvester. The energy scavenged from the harvester will serve as a power
source for the sensor node instead of battery. The proposed system will then be
tested with IC wafer singulation machines (Singulation model : DFD6340) to
investigate electrical characteristic, data transmission and energy management of the
proposed system. The experiment results show that the proposed system can
transmit at least 1 vibration data per 2 minute and this data can be used to diagnosis

the condition of the ball screw.
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Turauziiadesdnsenu Fudiusiieg Mdussdusznavvennaiosinsaziinnis
imdoulmBedamalfidnnisduasiitouiy agslsRmumntudulag luedassnsiinng
Feuanm msduasiiouiiietuaziimunnseiunisduaniiovluvasiiniesinsiiann
auysal msduaziiioudandnanunsaifatuldainuainnaisamaiieinniananas
msusimanlndn [6] Wy msFnnseu nislesquduegunsal wazanliaunasyes
aunmivdnlunewmesidudu  awivesnsduanitouiAintu axfinruuansraiuluny
AruImsihnuvesgunsaluazavainelfiinnsduasiioudsndn (7,81 nsiaring
duaviileuvaaaiesdnsaunsavilddenisldidumes inanass (Accelerometer) 1a1wos
feumasslailusilines (Laser Doppler Vibrometer) [9] uaziduirasidea (Sound Pressure
Transducer) [10] urgUnsaliifisuldunniigalunisinnuan mvanaiosdnsfe nsld
Wuwesinruss [11] ewnilugunsaififisnnsi vudeanwianden uazannsofnis
WlueSesdnsliie fuusiignlilunmsianisduasiioufio anuiss amnuds uazszezma
lunsindeudt Fausasfuusiidumudunsaluldnuiatu mianussezmne iy
msiafirudgs warlunensafudwumsianuduassssrmassmnzunsTafieud
i [12] dunndeyaitinlionduses ssgminnldivisudivufudoyasridaiolinses
faanmuesiudauiignin Bnsdesifiinnsdunldfe nsdeseienaindy
(Probabilistic Analysis) [13] n33LAs18vigURaya 108 (Waveform Analysis) [14] n153LAS19%
dyaadulawiuiian (Time-Domain  Signal  Analysis) wagn1siasesidayaiadulaw
AU (Frequency-Domain Signal Analysis) [15,16] agalsimuiBnisiinsesingnleiu
oghunIvaneuazdaiauiignie msleseidyaadulamumiud Tnsmsideyailinlaly
TawunanusunszuIunswUasisesednuda (Fast Fourier Transform : FFT) [17] &9
wamsluguil 2.1
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mmnummmmuamwwwaaangﬂwaguaﬂmn [19] veaangi¥ugunaniagraniaiinuld
Iutﬂ‘%‘mﬁ'ﬂiﬁﬁaam'Sﬂ'mm.iusj'ﬂumsv‘mmaa wazlonisduasiiiou %‘uﬁauaaﬂmmu
mﬂw}umunmmﬂmaﬁiuimnﬁmiﬁnmmmam&amLama mmmmmwmuaaamm
Uw 2.2 uariinsduasiiowdintu [20] Fedenaienisviureaaissdnsosnwn mMaRa
gunsalfamsduasiiieuvaaniosding dumisiinasaiinasodaiiinld msmmmaaﬂnsmma
m'smmm’[,ﬁ'l,ﬂmﬂﬁmmmiauavmaumﬂwaﬂma’lma'nm'smmaualmnma Feluvnndadu
m'1mewmmmmsmmmuavmm [21] ﬂ'ﬁ'l,wzjumaiLmulsmﬂmmumaLaaﬂwmau‘lﬂu
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YagtuinieteduesliaeiieAnnwanmsulisuauaule uazfiniglda
wanuae Ul uUeiiu nMsinuanmAsnaden (22,23 madaauanmlaseaiig [24]
waznIsAnnINan e aaieadng 25 Awusdrszuufnmiuanimaiesdnsaielusy
gaamnssUUNSVANeTigade stuumsaayariuas uwissuudnarliannseludnds
lolunng gunsainmeluedesdng lesetedine feadumundsitannsaranelngh
Wl vieluvangq afsrlddelumsnsmelnidsngs mslfiadetioidueesliansis
Wumadenwilsiiansaldlunmsudlymngrn 26] AduunlétouidaRoatunsld
iietraiduieiliamaifienisinnuaninindesinslussuugnamnssuegsuauuin
[27-32] saudawuafansidauieAnnuaninvesueaany [33,34] Tuusazauldiingg
denldinsinreanisdedyanalfarefiunnmineiu Iwﬂmﬂaaﬁlﬁ%‘ummﬁwqeﬁqﬂlumﬁdq
doyayraulSaneluanainnssufio IEEE 802.11 (WLAN) [35] uaz IEC61158 (Fieldbus) [36]
Lﬁ'aamnmmamwsa‘tumiﬁqﬁ’ﬁumwmﬁmmﬁagau.axeial@ﬂﬂa uwiillosaninsinaeading
lndaureudnags Tuuvndsdadimnsautunsinnuanimgunsallusumisililunas
wiudte Fevialiinslnasadug fAfldnsinisldndeuaindnidy IEEE802.15.1
(Bluetooth) [37], IEEEB02.15.4 (Zigbee) [38] w38 IEEE802.15.3a (UWB) [39] gnianldanu
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Smsnslindanusiiaaluyng nslanea uasannsadsioyaldinuniigs udiiteidsdie
Ardsdaiviidedayalalng ludauves Bluetooth n1slindsmufideutaiudiduiaaiu
UWB #e flszarfudeteyan uazdnmmislindrluluaussvdandssuddeuttogs
Inslanoa Zigbee TindwnilumsdedoyalndiAasiu Bluetooth udssesnisdsdayagenn
Aeuthann Svililwslanea Zigbee fidnmmislindsnuitaufuszesnisdsgeiianiuia
aniwslanead venvndulnsinaea Zighee Feildaldivioulnslanaaduie T uaulvun
Tuedateléunnanfic 1anda 65,000 Tuun Weitsuiulnslnnaaduildifes 8 Tuue

4 < = atey [ ") v
A1719% 2.1 msdisuiiisupuantiuesinsinaeanisasdyaalian

Bluetooth
Standard WLAN [40,41] Zigbee [40] UWB [42]
[40,41]
IEEE Spec. 802.11 802.15.1 802.15.4 802.15.3a
Operating Frequency 2.4/5 GHz 2.4 GHz 2.4 GHz 3.1-10.6 GHz
Channel Bandwidth 22 MHz 1 MHz 2 MHz 500 MHz - 7.5 GHz
Bit Rate 54 Mbps 1 Mbps 250 Kbps 110 Mbps
Power Consumption | 0.15/0.86/1.46 | 16.5/123/126 45/120/120
-/82.5/- mW
Idle/TX/RX W mw mw
Hibernate Power
) 75 mw 270 uyW 3 W 15 pw
Consumption
Transmission Power 15 - 20 dBm 0- 10 dBm (-25) - 0 dBm -41.3 dBm/MHz
Nominal range 100 m 10m 40-120 m 10m
Max Number of Cell
2007 8 > 65000 8
Nodes

uanimilennmadenldinslnroauazgunsaiiiug wu lulnsraulnsained ideenis
wdauiuda maldszuunstanandnuannsatisanaudaanslumslindinures
Wuiwasinuald [43] Wu niswdsuanznisiureadumeilnualidndanine
Uszndamdaau (Hibemate Mode) iilellldi¥avdadedioya [44] n1suiuamsyuussiuios
lulasmeulnsataasuazauiveauvaaindans [45] msadusewinaniiznisiuiteld
NANITHUTEHUNS UYL UALABTS ( Battery Capacity Recovery Effect) [46] Waznis
denlddanaimilunsdleysegniivssdninim [47] egwlsinunadetaidugesliaeds
dodduumasituumamdsiy fushdumeiinunasiisasmslindnus wifiddla
Fndudenvdsuiunned Joililnsitaunissuuiuifsmdsiuaindundenn
Uszgnaldfiuietafumeslimoeudtymiing (48]
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mW/cm? WANIUGTER naneiuvintiy
,, . 1-10 Wuwamadinu | Tassadraiiuun
AHTaU [50] Thermoelectric i) i i
mW/cm? Mmlddenan Aoutnalval
€
” i i 2 d Tassadanes
wasuna (Mg Piezoelectric [54] | 200 pW/em? | 4y soifuiilen ce d
P ,, 4. | AUNTELAUAE
Auaniiiau Electrostatic [55] | 56 uW/cm? | lAnaaananidl v w o
wemaaaaulw) [53] \riaud WA
il 5 Electromagnetic [56] | 100 pW/cm? e Fugay
v .| wEwuRzuUsEy
Annsaaseds S
i - ; Mdsdaaniu
Aaywmanldi (521 Antenna 100 uW/cm? | wasamuluitluud
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UsstnniBiadu (Linear Generator) wasUsstnvi@au (Rotary Generator) sl aume s
2 Usswilastuegfunvdsiuiiandanuiidanisifuies Tnevihlugunsslfuiomdnu
Ussnmdauazlasuanuionlunisléauuinnds iessinninadeuiifauaninsayii
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anan fosdlrumnzaniteliAndunssuminiidaduiusaaingaiian [65] dwsnd
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2.4 n1sdrgunsalinuifiganwassuanidiuiduigesivua

msthgunsalifuiAsandsunldfudueesivun Wundduidnsildlunas
uwAtlgmniFaseusuiulunsiudsuunnedluusesivualdans Tnovhllurasinunves
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peRUsEnaUMIALAE 19T5IANITNE Y (Energy Management Circuit: EMC) [68] &1y
uihiidanisndsauiisuanguasaifudsmdssniliamsaiundnuiudusesivuald
Yaqiumaluladmaifuifsmdsnu dildamnanlindanuiiunifsmensniufesnisves
Guwesnualiiausaindeyauazdetoyanasnaild [69] fufunsdmdsuiliuie
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Fufivlssdeuuniaed Tasasasdanmendsauagimiihdlunisiomdseuluifvazaslily
gunsalazaundsau wazilowduuiiazanuniissme Sulwdauiasanliseliiu
guasalluduwesivun [71] guasaiiililunisasaundanulaeiluarliuunneiitungn
lessniisingn aunsaliinssualige wasfianuguesndaaugs [72) edslsfinudae
Suseumsniaiishuacuunneivinliinisiteiug filedeaanuunaed uazdufy
Ussquildanuuny (73,74) Sedeivedladnamvuunineife fsaumsmisganiuunned
Uszanal 10 - 20 wih uaziindeenivasinunn udiideidede fimnuawdsausi waziinaw
arumunglugs vinbidsldwnsauiunisthunldunndn Tunnduiudedvesiaiuussy
fie f1uIuseunsusatiganiuwuapeIssuia 1000 whuasiimudumiuaelud udi
fadufio muadinulios (eeniuuameiusinnilednamnuunne’) uasiindaa
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yaauuaies lnemslisaiulssaduidmerdnduun molifemeTdetduumaeinae
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Audigiidesddeddunnihgunsaiiuismdsuunldoutugunsailviite ms
darumddlniingean (Maximum Power Transfer) iilesangunsaifiuiiowdsuas
annsadendanugeanldidonsruaiignivaniildwmnzay FdlaeiiluiumesTnundy
Inaniliannsawdeusnnisianseuald lurneigunsalfuiemganuiigadain
Addliiingegalined Juhlidudesnitazdehuidlwigeasldlunsdidusesime
Hulvanlassswesguasalifuiiemdsn Adunddinaideistunisliesuiusss
wsasu evhuihiunulvanlunisuiushsnisinssuannaunsalfiufsmdnuiels
anunsadshuideliihlfgedian (78] lunsdilgunsalfuismasenldldatade (el
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3.1.5 manadgaumAanudunsdedygnvesduivesinun

wmaunmlumuﬂﬁwmaaummmwmmmnm (Receive Signal Strength
Indicator : RSSI) vedlugadsdyaaildans emszoginsimmzanlunsnadueesTnun
Tnefifiannsodedoyaldosivssansam nsnageuvinlaenisielugadsdygialiane
Xbee Series 2 31U 2 lugainiursuiiames 2 Lﬂ%‘aﬂLLﬂuﬂﬂﬂIﬂU‘iuﬂuﬁN‘] Tuiilas Ao
5, 10, 15, 20, 25, 30, 35 Ua 40 WAsHWEFU wanllesaniedosdnsinuisginilasady
Tanzdailvnduwimanlwislden mmawmaaﬂmﬂu'ﬂumaaaamcmmla*lﬂuﬂaaﬂaw
uwarnaaoudidoyalagldszosing whiunisvadeuadausn lunsmaaeussnaaeulng
USuidsdeedlugadsdyqnaldanelin 0 dB uay -2 dB muddy Fawanismaaeslduan
Tugu 3.18

—— (0 dB No Cbstruction
A5 N e -2 dB No Obstruction
= = =0 dB Inside Iron Box

\ — .. -2 dBInside Iron Box
-65

RSS! (dB)

-75

-85

-95
0 5 10 15 20 25 30 35 40 45

Range (m)

= ! v a al w
JUN 3.18 Aanuiduvesdygraiisuiusseenig

21N3UT 3.18 wudh Amuduvesdygadidnvurulannfufuszarmig win
ﬁsusmaswdwdumaﬁaLLa"Tuma%’Umn%uﬁmam%’waaﬁ’mrmmmaﬂm uanniidanun
mmmwuammmﬂmmsawaqamunaa\:manummmwmmwuamtywmnﬁawaga’luw
Tdsun wawdlszezannndn 10 wms madedeyasimundeuninimagymevesfoyannnia
90% Feagulddn szegvineseviadueslvun lunmsddeyaiundeamdnaisiidiosndn
10 w5 Weanmsgeevesteyaiifesnisards

3.1.6 nM1magsunINslindsuveuduiwesivun
FupouilifunsihiduwesTmuaiiaineiy smeasumsnsnislindsnuues
Wuiwasluua TasagAurumindinuiidues sinualdauaindinssuaiiale uay
Wivuifisudumdn@v (Datasheet) v81gunsal Faarniafrdnvesguasaifivunldlduans
dnsnsldnsualuaniogsineg Vindlunsied 3.1



21

o o
A1919% 3.1 dnsimslinszuavesgunsalnneg luduwesinuaiiuandluindinds

_ Current
Device .
Consumption
_ Idle mode (I,) 10 mA
Zigbee -
. Listen and Transmission (I, ) 40 mA
(Xbee Series 2) :
Hibernate (I,}) 1 A

Microcontroller Supply Current (I, ) 6 MA@ 16 Mhz
(ATMEGA168) Hibernate Current (I ) 1.6 A
Sensor (ADXL203) Sensor Supply Current (1) 700 pA

lunsmaseumenszualda szvidenisedifuniusunsutuiduwesinun
uazIndrausedndinnasoudiiumudaguil 3.19 anduldnguesteviuiteruanm
nsvuadivaiudaduniy SsgfiduinfunssuaiidugesTnualdon nanisindinssua
wanangnuanalilugud 3.19

40‘-3;/}--1 ----- _— /J

Xbee Coordinator = o i b f I
Dscllloscope é \. :
# $ 20- : '
- : =
- el :
1 ‘ 10
-~ R | o
G i
Sensor Node
Time (s)
aa | - ) ) o
(A) BANTNDNATINOUINT S LA () ﬁﬂ“&ﬂwﬂﬁ'ﬂ‘?}ﬂituﬁ‘daﬂL‘?j‘LlL‘USﬂ‘VTUﬂ

=
JUT 3.19 maneaeuMNsERaveLduigasTnug

-l o PR
MNFUR 3.19 aznuindueeinuaiitianisvhaundsesntilu 6 das Afldnsinis
Tdunseuaunnseiude

= 1 ¢l o s
92991 1 lulasraulnsa@asiuainannzysendandanu
1 A‘ ] d & d L2 Q
duflasfutilulasrouinsaaasivdeuainansusendandiny  Wuanne
91U (Active State) FoviliiAnnsinavensewagalussesiaiduy

1qehi 2 haslulasmeulvsamesindaya
Puilvdutnililaseeulnsiasfegluannyien ddulasmeulnsaiaeiasdny
v e o 1 - 2 ¢ a ! -] o v 1 -?ll
nszualilifiuiduwefinanuisaieliiduiresaniusvwvhaunas iadeya Tutadl



22

1 Aﬂ) /. 1 IA l:l! 1 s 2/ as
nszudliuduwedivuadtinlaiidnegusvana 6.74 mA SaimlndiAseiudoyadninis
Ténszuaainiadiniiv ssezianfiduivesvuneglutielfe 1.05 Jund

defl 3 *m\ﬂlumaaaazyfywl'sawmumnama Ussndnwaasnu
Hrilndutisillugadsdyaraliaeisunnanmsssndandsnuiuanie
wsgniudedoya (Idle State) Feludrailasdinnsldnseuageluszozinanduy

24 4 mq‘luﬂaaqargzmmlsmmm&rmuawaua

'Lu‘mﬁluiﬂiﬂauimaLaaiqmﬂmmsmﬂnsuLLaT,UEquwaifmmmLsaLwaamm{lﬁ
nsvuans wazddoyaiiialddnlugedrmesvedugadedayqalians ielilugadedaynos
Banewniondedeyaludineufinnes lutinseualvitlvadiudugosnuaiisussua
14 mA %aﬁﬁhﬁaaﬂ’i'lﬁmélaé'mﬂm's'l,'&'ﬂ'immmﬂms’fw%wizmnm 2.7 mA 8899817
L‘i?‘umaﬂmﬂag'lmmﬁﬁa 150 ms

[ d 1 1 Q) v 1 k2
1299 5 dlugadedyalfaeddoya
Tudretilugadsdyqraliaeavddoyaludneniiames Insdedoya 1 lud Fald
1 o 2/ [ i J:Jv Vel |
vantumsdslssanu 6 ms ensinstenszualwvedugeslvualugiedisaladeussano
39 mA #afintleanindnsinsldnssuaniniadninegusyunn 7 mA

Yasil 6 Tradhgannzuszudandaany

IuﬁaqﬁluiﬂiﬂaﬂmaLaaimv‘[umadqé’mzmml‘%'mmvmﬁﬂuamavlﬂaﬂuam'}u
Usgndandanuiieansnsinisldnssua amwms‘iﬁuﬂiuu.amﬂlé‘l,umauumaaw 6.5 LA
Tuwaiz#l Watchdog Timer ¥hatuuag 2.6 A luvaisdl Watchdog Timer 'Lumam

ﬂsww’lmﬂm 3.19 E'i’li.l’]iﬂu’mﬂ‘li‘lﬁ’lﬂ’]ﬂiuLLﬂLﬂaﬂlﬁﬁﬂEJﬂ']'i%ﬂ']ﬂ’]U‘i:ﬁf\] (uildnsm
ATTUE — 138") mehfm'smmmmwm Faarldanszuandoidn 7.97 mA lunsalild
wsadu 3.3V v lianunsovmawdsnuadefiduige slvualdauldindaussunn
26.3 mW

o W
3.2 gUnsaliiuNeInaseu

'MENQWﬂﬂ'l’i’e]?]ﬂLL‘U'UL“U‘IJL‘?iE}‘ﬁ‘WUﬁLLﬁ“"VlfﬂﬁE)‘U‘WlﬂfUﬂ%JUﬂﬂNlWﬂ’]‘l}ﬁ\‘iLﬁuL‘Uaﬂﬂ‘LJG]
Lan 'LuwumauﬂﬂmmL‘Uumsaammu Lz.auwmaa‘uaﬂnsmanﬂmwawwmammhnu
L‘HHL‘EEE]%IWNG] Insuusnsvieueentu 5 ?IUW@UEJOEIGNU

3.2.1 nMsepnuUUKATAMTgUnsalifiuRBawd sy
mLmema'LumsammmuLmaawmmwmmﬁsamuma'ﬂmewmmmq el
m'smmiauawmauﬂawaaaﬂs LfduLsﬂaﬁwumaqﬂﬂmmma"l:muﬁ'mLmuLaawawmmmq
VB ’maﬂnmLﬂummwamm3’5@avumuu.nuLaauL‘uummmumumaﬂwumwa’lﬂ'ﬁww
suagluilifeadu oglsAnuilesnnueaangifugunsaidmiunsyauiifesnisana



23

waiugge Tﬂua"mmn‘uaaaﬂsﬁﬁﬁmwﬂnﬁmﬁmsﬁ"uautﬁauﬁq Fohldnsiiuieandeanu
namwaﬂmsmﬂiwamﬂmﬂLLau’Lwﬂ'}aamﬂu'LU"Lﬂmn ’lumm'wuwwwﬂﬂLaaﬂaammu
qﬂﬂsmmummwawuﬂaimFJ'LwannmLumaﬂ"Lwﬁw %‘wuLnummwamumnmsmaauw
L%aLauﬂaqgwunutaauuuuaaan's n1ws1ma¢qﬂnsmtnummwamuwaaﬂwu'um uaEns
mmmnuwmmqL%qu,au“l.muamaﬂ'[.usﬂw 3.20

Linear Guide

~ Coll
Carriage

Bﬂﬂ'SEL!LﬂULﬂEJ’lWﬁN"IUi]»US~ﬂEJU1Uﬂ?EJ 2 drundng fio YavnaauazadenulMan
Iﬂaumﬂﬂlumsmmﬂa ﬂﬂmwmmamhﬂwmwumaﬂwuﬂuumuuﬂmaawawmmmq
Badu Feazdinmsindeuiivasfiniasdnsintuay ﬂ3'mLs'ﬂumsmaaumaamuuﬂmaau
YuEAREITARalTEMIng 75 mm/s B8 250 mm/s uin1sEaduuriluasdeinannga

2
- s

125 mm/s 'LumwaaaaamLmmanﬂvmmm‘hﬂmﬂuwawmmmm‘ﬁmu (Lifinsiadoud
YRS DINATUIW) IG\SJ‘J"EJ'QﬂLLUUIWJﬁﬂUﬁU"LUHIFI‘SGmaﬂ‘iﬂm‘) y mmmanmmaaaaww
LLavmvﬂvma'lwﬂmmmmmmumanaw‘lﬂmuam'lu'mw 3.20 WoguunuiAeuvesyati
vmL%qnau:ummaauw’umumm%umu 'ummﬂwmmm‘huugmunmaaumLﬂaauwwmﬂmu
auwimEnTiintussyinaimanita 2 Aoy mwmmwmmmhnumwuwasmaawﬁm
u,ﬂuLaaum‘l‘z«'twamumnm‘uumﬂﬂ'ﬁmﬂmuu,umanwaewmmmmmaﬂﬂawmwuwa%‘lm
TneAse u,ﬁxlumaqumﬂlwwauwwiﬂmwuwaﬂwumm’lﬁummaumﬂlumsmmm

3.2.2 N1IIN1TINAIVUAAIALATUIMBN TN EY
lumsesnuuugunsalifiunmdsnuriausiminlui nsnsfvesuivgn
YUIAVDIVARIN LAYVUIAVDIADITNDINATENINUNMANAUIAAIN AoedlAnumuzay
Lwa'l,mnmammuumanwmmmunwmmﬂawam miaaﬂLmuaﬂnsmmuma'swamulu
4'nn%u'l,maanuuu‘iﬂﬂﬂsuunmmnLﬂsmmLuﬂlwﬁwummmanmqmmiw (Axial Flux
Permanent Magnet Generator : AFPM Generator) [81,82] JULUUNITI4MIURIUARINUAL
uuman’lummﬁlm‘flﬂuamaa'lusﬂw 3.21



24

Side View ~ Front View
i 1 '
N (N ST
n | . | |
h sl I[N —1 L N = N |
m | /2 N 5' Ni S: h,
! 5 | ' 1 A ! i
E] EE | E i i \ f ...................
T
' '.(—_c.__)}:: '
it Wo Y Wn

J s o [
EU‘VI 3.21 ANWAZNITINFIYBIUAIALALLLIMAN

13UA 3.21 muneian 1 Aevnan vaneay 2 Aewindn uasvaneiay 3 Aelase
win wimdnesgnineguulasananguia U itelilasandndsndravimiiillunisdosu
aunwimanirlvasenlufuuen vammanafeuiiiiufsnanssewinaimdnii 2 u 29n
winnsveansesidalwihvliauivinnsuusu muntevewaan (e, AstALN
wa‘ﬁﬂsﬁﬂﬁmmmﬂm:u1iﬂo’fﬂaumuﬁmﬁﬂﬁﬁmﬁumnLLajmﬁﬂ@jusmLasﬁﬁaaq‘lﬁ ielviin
nszudluvmmeiirmadetudevnainfariuguaivaniang tiolianunanndivme
Anivsamnannsamlfanaunisi (3.1)

We = Wy + W, (3.1)

o wafte AunteTenlvEn uaz wi  ARIvBIsTIEEIuETE e
uanmnfﬂﬁaﬁazammsqzyt,ﬁawé’mumnm'sqmtﬁaﬂssumu (Eddy Current Loss) A13g9
vasauluvesunaIn (h,) msiidgendiaugeveusivan (h,)
lududmnaniumsesnuuumaneivesusiman Tasarlénssiaesaunalvin
wuu 2 fdmesuleuitiWludieduud (Finite Element Method : FEM) lusunsu
FEMM 4.2 [83] tifosnasegiiamng LLa.,’szﬂ‘uaqamuLLﬂLﬂﬁnﬁadmsaﬂawasvmwLL:.imﬁnam
nou ﬂ'1'5%’IEI’EN%‘V]'m’U'i‘LJLL'UUﬂﬂi'l’Nﬂ'J‘?.lENLLllmaﬂﬂd‘wuﬂ 3 jULUUAD WUV A, B uay C #19
wanslugudl 3.22 N5919MaUsnanUUY A uas B LﬂumsmamLmuaawwwmmanmn
mua’hﬁm NMIMFLENLUY A svaauimdniadutaiudatuduswou 5 Aoy Tuvaed
N15RlmaNIUY B azaneusmdnlvinefuduseeeniavindu 1 feuudimdnidusiuau
3 flou wénmIsenuUUNMINIK 2 wuuiiinenmUszandvdnnisveasiosriudaliih
gilaualmdna1suunIu msdudmdnuuy ¢ Wunmsnsfaidinisinedwimdnuuy
Hallbach Array snUszandly «mmwa’lumsmumammnman’l.wawumu 2 wirlusu
ilwosusdwdnuaesyinlaunuuimdnlug nihnniswe wwsimdnmely
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Iron AII‘ gap TypeA
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\L 0/ N TN [ TR -

d o L2 1 H‘-‘f‘
JUN 3.22 Anwuznsinsiveulingniie 3 Uiy
lumstasdlaldwisiiinadaineg fuanddunisnedl 3.2 nanissrassauiuudvgn
. 1] 5 far Do I 4
Y9INTINFIUNMANTS 3 JUnvuluszuu 2 7 wansegluguil 3.23 wasnauansainy
viniiuvesEIwiman o shuvdsuuduuse Awandlugui 3.24
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,\\{ /17 A NI
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d 1 o ] 1
Juv 3.24 AIWALULIVAN B LR muwuIduUse

A o Ll o a t
ATNN 3.2 N1UHBINNG Tunsiassmsresivesudivan

Parameter Value
Magnet Type NeFeB (N35)
Number of Magnets 6-12
Casing Material Iron
Magnet Size 15 mm x 0.4 mm
Case Thickness (t) 1 mm
Air Gap Size (t,) 10 mm

9NUT 3.23 uas 3.24 aunuulivdniintugegelunisanafanuy C ewiiiuszane
0.52 Tesla FeflAnganinuuy A uaziuy B AifidUssana 0.4 Tesla aghdlsfiniunisanein
wlwdnuuu A femnuresaunuwindnuinnitwuy C fasinlydsuuadimsiudeuudas
auuulmdnuANIUsEIN 2 Wi

wsaRuiagldnnanarnidevnarndariuauulindnasdauduiudsuaing
MUWULYDINLWIMENFsEUNIST (3.2)

dB
V=NAE (3.2)
dle ¥ #io usaduilazld N fle Srurusevvaaan A fie fufiviiriavesunaaniigninsinudae
WULSInAN way dB/dr fs é’mwmstﬂﬁammmammujmﬁmﬁﬂuﬁunm NaUNS
(3.1) Wlownudn dr ¢ae dsv Taw s o Sepsvnauar v Ae M arldauduudiu

LR UAILARI I UANNTN (3.3)
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V=NAv d—B (3.3)
ds

PMNAUNTIST (3.3) FeWUT useL wavunadn ruUsHuRTIRUSAITINISWAULEY
YoIAUMLLUAUNNWIIME B URUSEEEN (dB/ds) Bdnsn1siuasunlasvednniy
vrmLLuuamuLmmaﬂma‘unmvavmammsnmlﬁimmmsmmauwuamawaua‘iuﬂmﬂww
3.24 %qlmwaﬂaam'smmauwuﬁ'uawauamuam‘lustlw 3.25

1.2
1}
0.8
0.6 .
04 |
0.2 |~ \
0 =

556
&N

-06'
-0.8

Rate of Changein Flux Density
(Tesla/cm])

3
N =

4
Position between Magnets (cm)

d o CJ 1 i
JUT 3.25 dnsimsidsuniasmanumuuiuvasaunaulvan

A 1 [-7) ] 8 as A
9IN3UN 3.25 asnuinisneiveawiminuuu A aglesnsimsiasuudainig
i ' & a o o -
MUILUUFULLILANGINEGR (Uszunad 0.92 Tesla/cm) ) TuraeNonsn1sasunlasainy
NUMULAUIUWMANYBINISIFTIRUMANWUY B wag C ﬂvagw? 11td 0.6 Tesla/cm 97N
wawlmuuﬁm'lwmu'n mn‘lwmmmmmmmﬂumaauwmmuammmmanmammm
WinAU MSIEMSIAILUMANLUU A i]s“LﬂmLLiaﬂuqamqﬂLuamuurmﬂﬁfmmuwau

1 [ 0 (=4 :J
3.2.3 ANTWITEUSUINTEN UM ANMINNNZEY
UDNWLBIINNISINFIV VN INLALLUIMENULETD SEUZNISERINIulvan (t)
& ) o al | ) a < a v ¢ o a w o
tUuam‘J'«]a]wquamamawawmwmummlmmnqﬂmmmummwaamu WiD99InALIY
MU UTD AU NN UM SN AU U B NI TE LAY e a8 oY SEuevinesening
] @ 3 |7 =3 a1 W P | o -1 o 1 ] o
wimaniasnauTemsiialosngainisndulule uistlsinuanumuvessnain (1)
LLUsNumNnusuuvmasummmmanmamnau Fedwwaliiloszogvinaseninausivdnuan
Fu Ynaafazainsais uiusaulduniy mEmgnaninadevilissoeviesening
LLsJmanLﬂuanmuﬂwummmnmsﬁnmLwa'l.ﬁlmwamuwawam
’qumauuﬁuﬂumiwwmmqsvmwu.uwranmamﬂaumﬂﬂﬁmaaq‘lmﬂlﬂmvwa‘u
Blludedmusd it mammmwwumuuwmau'}mmmamuaiuﬂumqsvmwmeanumaﬂ
Tugia 1 - 20 mm lunmsveaesiiduaiaues 43 ﬂzgﬂmu1‘L°z’1‘lun'ﬁmufammawm'mu
FAUVDIVAAIN WNANITIIADIAIAIIUNUILUUVDIAUILLILNEN LAZIIUIUTOUVDIVAG2IA LA
-
wainsaglugun 3.26
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16000 | : 1 1.00

14000 j Number of Coils ~ ----- Flux Density 0.90
b 0.80
12000

| 0.70
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. 0.40
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0.20
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0 0.00
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Air Gap (mm)

Winding Turns{N)
Flux Density (Tesla)

“ s 7] I ] 1 o L7
JUN 3.26 AnuduussEnIAMUIIILULALNLWIWENkaTS U usaUTRIIRmIaTy
SEULYINITENINUUEN

a1ﬂuuu,smumn'ummmm:mnﬂmmlﬁ’ﬂﬂaLmumwagawaq‘lunﬂwgﬂw 3.26 asly
faaunisi (3.3) HAATUTINAFIULTIAU (Normalized  Voltage) (B ufUsEEEYN95EWIN
uumanlmamag“lugﬂw S.27 éwuwmmmmugaqmulmmamwasmawumuumanﬂa
10 mm

8
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Normalize Voltage Output (V/Vm)

0.00 | ; - :
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A o 4 1 1 o o a 1 ! |
JUN 3.27 anuduiusseninauseiuusvinguiussesinessniasivan

3.2.4 manaasndAimsininvesgunsalifuiisawgasu

gunsalfuisamdsnuiteenuuulilutunouiiiuan lmnnmmmmmmnu
gavmaesiauandluzuil 3.28 mamqmauummﬂwﬂﬂ 'qmrrmaaalﬁ‘l-u-qmmwmﬁqtaumn Al
America g1 RCP2-SA6C--02P-6-350-P1-S Gaaursavianualunisiedoudidaduly
Tutas 0 - 175 mnvs iuaanfignldlunismaassasiiog 3 vuinfie wes 30, 36 uax 43
wuaaaues 30 ansaduniuluunannld 350 seU wazues 36 fAu 43 anansathunwu
Lﬂwmmmlﬁ 1,000 way 2,500 seUnuERy wWesuianundrenisluresunain ow ,-) 1A
aqw 10 mm UasYUIAAIINNTINAIEUBNTBIIAAIN (w,) SAnviniy 26 mm Laummwgnwu
Juvaezgnudesie  isBuiiteiivaruudusdudvaesuin 4.5 cm x 3 cm x 0.8 cm u
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druresafonudmdnarusenaulumewivdnein NdFeB (N35) 911 2 cm x 1.5 cm x 0.4
cm 914U 12 B Tngdnnideiudieguwuumsisesiauuy A

JUW 3.28 mnevaenwinyavaaes (d1e) waain (3210Y) waraienwivdn (varans)

1 - o - v o ¢
TumauLsnveINIIVagaUaUnsalfiunsmdnuasiluntsnaaeuievaruduius
| o a al a as al a
FENTWVUIALEUAIN A5 INTARRUTIVOIRNUEADY wazussulnAnaInmsadoufives
s ] ] s al d A A A 1}
veaIndakIuauINLLWEn Tunisvaassarianssiuliinfiosnanuaalnvnsindsuiitiy
adonudmandaenmia 25 mm/s 84 175 mm/s Ineldanannued 30, 36 uaw 43 34
) ) ) o o v ) <
dnuazdygrauswiuliihiialinnunaindeesaialaaladlduandduzui 3.29 uaga
AINAURUSSENIVUINLEUAIA AL INTRARNIUAUINLNIE NV09UAAIR LAZWSIFTY
¢ ) -
winmlduwanseglugun 3.30

Tek Stop | ; l—u——w———g

: Ch1 Pk-Pk
1 800mv

Ch1 Max
500mV

Ch1 RMS
155mv

I

i
i b i
hﬁ .00V M400ms A Chl J 20.0mV

W W o -
UM 3.29 dnvaisuseiuanuamniue$ 30 vnseloufitaeannda 75 mm/s

6 Y .
55 | .
5 | GaugeNo.30 = - -GaugeN0.36 — - -Gauge No.43 L
[ -~
45 | L
- R L -
S 35 /_.--—"‘
"g 3| e -
25 | BT S
E 1 g | et T e RS |
'1 ' , - ’_ ____________ '
0.5 ,_._:.:_:_.—-—-—'—‘—"'"_——
0 - m : . : . :
25 50 75 100 125 150 175
Velocity (mm/s)

= a 1 <l -
JU 3.30 ussiuaInunaIAUeseneg finTunda 25 mm/s fis 175 mm/s
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91n3UR 3.30 annsadanalddn useduiildainnsindeuilvesuaaiarau
auuwivdnuUstunsstiuanuslunisdntuauuwivineeseann Tuvneiiduaindad
gumanaursaliussuldunninduainvunnlngiiewnsimudumunielusnain
wnnIuazTIuemIndevafinnnItluswaTivindy @anwed 30 18 350 sou Tuvned
amLues 43 19 2500 58U) AMNANTI 175 mm/s UWSIRUIINIAAIALUBS 30, 36 uas 43 Ae
0.94V, 2.52 V uag 5.92 V auannu

funoudaludumsnnasaflonmdsnundssonisiariuaunuuininyeswaan 1
n Fuhlasnisdovnainidniuasesiiesnssuanuuduadu (4laleadifussiuluneanss
~0.3 V) uagihmdsuluifivazasenlilusafiuusey 220 uF fauandluguil 3.31 9anduin
Aussiunsendiuvseitahummdinudoveaindmiauuuingn 1 asiiedunis
7l (3.4) namsvaedlfuandlugud 3.32

EﬁéCVz (3.4)
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d 1 d ! s
31.]1!! 3.31 MINDNIINDMIANAINIUNNUAAIN

14
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NFUT 3.32 wudmdsuaniduaniued 30 lunaneq Aeadaiianlndifsaty
0 (losnneasisanseuanuufunduisesysenauludolalenstnetion 2 fsnlugedld
ussluneanseaenasi 0.3 v defs luvaisiusesduanunalniuesd 30 fetesndt 0.6 v
Tu¥9amds 25 - 125 mm/s evilvussduainueainliifisawesenisivuweanselalanly
299 30anTsud wazlugenmda 125 - 175 mm/s  ussduiilddauanndt 0.6 V e
dndosidothininiunsiesnsuuauuuiunduudandoussiutosnniwilimiele
'[nat.ﬂmnu 0 MLARARINEITAAIALUES 30 m"!.ummml%‘lumiwﬂaawuﬂaum‘] I3

wmaunmmmumwmaaqmammwamumaﬂwmmmLmawvmﬂmmmaﬁwulm
Tagazmnsmidnuazaudiudsswing Adsengunsaliffuifisandsnu fuussiuanasey
Auiulszy Lﬁ'amfi']wﬁ’wzumaﬂﬁ*ummmmmsaﬁwlﬁ’f N1SNARBIIZISNAINNTT IS NYE
wsauRnATENALAUUSTRUING 4700 pF Wsudunailaeldesadalaalay AVRRIEATE i
%Lﬂaauﬁ‘lﬂnamﬂui“avma 30 cm $eAM3? 175 mm/s WUIa1 180 Fundl wsasumn
mammmuﬂﬁzqmﬂlﬂmnmwmamlmmmag’{,ugﬂw 3.33

S et SO oo
2.50 PP L
oy 2.00 | ‘,." — GaugeNo. 36
- 57 - - - Gauge No. 43
W 1.50 I
§ :
=100
| Ld
I
0.50 ﬁ
0.00 . !
0 30 60 90 120 150 180
Time (s)

=] ) ! o o ay
U 3.33 ussdunnasendaifiudsey 4700 uF Weldunadmues 36 uaw 43

Y

mrwuuuwaummmulﬂmmmmwaemuﬂlﬂmnwma’mmqmma*] Tma'l,'ﬁam'smmm

U

afﬂ,uaumw (3.5)

P@)=CV(t) —— de (3.5)

4 v o ' 1 al a 1 o
ieliwdsenu 9389199 avawsamnsmauduiussewineidalniuas
Y| ! o o ol v !
useduiinnAsendfivlsey (PV  Curve) Idfiuansdluguil 3.3¢ Fsausoagulddniieng
=1 3 ¥ W v 1 € a
ALY 25 - 175 mm/s wnaaued 43 anansolimdsnulduinninunainiues 36 g
useunnasoudiuUTEgendUseanm 0.7V udvnadaued 36 awmnsalvindaeuls
4 3 d 1 ot ! o 5 1 ]
wnnveaIauas 43 Nguussiunnasandifiudseadindiussunn 0.7 V egrslsfinna
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'uﬂa'mwas 43 mmm’lwwaamuaqam (3.8 mW m 1.73 V) qamwammuas 36 (1.29 mW
1 0.42 V)

<y

3.5 7 b —— Gauge No.36
3| ,a' \‘-..__ =~ = -—Gauge No.43
i ~
225 o T
[S | 4 L
— s
= 2 ’/ ‘\
g 1.5 1’ \\\
m L4 \\
p ! ’ A
’I \ \
05 | J LA .~
0 v’ | \' |
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

Voltge Across Capacitor (V)

d Q s 1 o Qs ! s
U 3.34 nymimnudiniussemineiddlwiuasussdiunnaseudafiulsyy

MnmsveaesiiinasagUlFlutmaindoudishsannda 25 - 175 mm/s s
Widumeifiduingudnaradnasiinnuming aufmm‘s’Lmaua'mwuLaumquﬂnmﬂum
LuaamﬂmmszﬂmLmcﬂuu,avmm‘lw-/’dmmamwmnmq muu’Lummmaawuma‘;ﬂmvmaaa
Tngldumanmiues 43 Faduvesifounmdurirgudnaradngaluia 3 wediwmaass

1umumauammmL“LJumiwﬂamLwaﬁﬂ‘mNanﬁmwmmmmaaumuLLauma’amu
mveaesazvhilasmsthunaanied 43 S1umu 3 vausiseynsuwazauuiy WluAndiy
gavnassuazUuanudilumsindoudiliogi 125 mm/s wdrinussiuainmasnding
Muesadalaalay wadyg sl inldvasivaanedeuiisaiuauaivinieluuay
ndulduamaagluzuit 3.35 Feazwuinussdugegannnisdesuiuiie 3.68 V luvariuseiy
gugnIInnTReaYnIuAe 10.80 V

Tek stop

| e t—| Tek Stop

Ch1 Pk-Pk Ch1 Pk-Pk
6.80V 216V

Ch1 Max
368V

Ch1 Max
10.8V

i

Ch1 RMS
116V

2 V/DIV

Bl TV

M400ms A Chl 7 0.00V

o0V

5 V/DIV

TTTMd60ms A chi 7 0.00V

() vAMIA 3 YARBVUY (¥) WP@IN 3 VAFBDYNITH

U 3.35 dygrnussiuiiialdannunaan

wamﬁmﬂ'ﬂLLsaﬁ’uaqaﬂLLamé’wwﬁlﬁmﬂmiﬁawmﬁmza 2 WUU finnamaus
25 - 175 mm/s "Lﬂuamqaq"luﬁﬂw 3.36 Uag 3.37 AU Iﬂammiwmaaammﬁms
Wentuluduneuiiiiun ‘Hxﬁ‘iﬂﬂiﬁ“ﬂ 3.36 ﬂuWU’J’iLLNﬂU'ﬂ'}ﬂﬂﬂa’mﬂﬂLﬂﬂ?LLauﬂﬂﬂ?ﬂ%ﬂﬂﬂa
YUY 3 mum’tnammnu’lunn'] ALY 'l,wcum'uma’mwgnmaaqnsu 3 wmlmmmuqa
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ni1vmaInREIYTEIIM 2 - 2.5 1 9IngUTt 3.37 ﬁlkudﬂa’w’wﬂmﬂmﬁauﬁﬁﬂmu
aunuulmanAIeAET 175 mm/s wawumnwmﬂmaauﬂsmu 3 unavagil 3.7 m)
lurziindiuanvameiidevuiuiu 3 v uasamaifisred® 1.3 mluas 1.1 my
AUFIFU
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Voltage Across Capacitor (V)
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mﬂgﬂﬁ 3.38 WU TR UIINVARIAVALABINULTIRUINNATABYARIAYUIUAY
2 waz 3 vaaan JAnlndlAsstu Tnsusefuainunaraiidesuiufuiadinindntes duin
nvaaIntie 3 wnlsianunsaliussiuldvindy Wethundevuiutuussiusauitldasiian
whituussduiishiigaiAasinuaain 1 Ty 3 vamamiu uiumaan 1 vafithanuandunsi
Huvaaeiliusidueenungsiigaluvnaanits 3 va Saiildusiduarnvaainifendan
WINNITIRUIINNTUI RO VUIUNY

uaﬂmﬂﬁ%zwudwLmﬁ’umﬂmscsiaaumu 3 YANAININATT 2 VA LATHINNINUAAIN
mmmmnmmu wUthquwgm’sauﬂsmmaqmalw Luauwas;]a'lunﬁww 3.38 Wunu
A1a9ENNST (3.5) wiloulunsmaaesiiiruinagldamdsnuiinasieg Ssavanunsemn
aswnswwmmauwuasvmwmaalwﬁﬂﬂ'umeumﬂﬂiaumLﬂuUizqmuLam’Lugﬂw 3.9
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Voltage Across Capacitor (V)

4 L o f ' LI e/ ar ! a
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fiFingedu nssuailnadiludifivsyqazanas aawa‘lwmsuwmmﬂmaun'ﬁuﬂulﬂmmlw
mnnINsiesARIRILIY (Msrseynsulusafufiganii) Iﬂamaﬂwqaqﬂmﬂmimammmﬂ
oYN3Y 3 YATLaL 9.9 MW Woussunnaseusufiusyaiian 4.7 v wazfdalngegaan
MIBUARIAIIY 3 wnaregil 4.26 mW leussdunnadeusaliuyseqiian 1.46 v

wansyaaesiiuanaunsoagUldd frmudinsiadeuiiBadu 25 - 175 mm/s
n1suveaInuIfesynsuaziinumuzaniunsiduuinnInisrsvaanLuuIuIY
Lﬁaqmﬂ'lﬁuiaﬁuuasﬁﬂé’aiwﬁﬂmnniﬁn'ﬁm'aLLUU'uu'nu'luzJ"mLmﬁ’uﬁ'muqqnd'} Y
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3.2.5 msvmaaaqﬂnmmmnmwmmunum‘?mmuuaqun
'Luwmauua}vmumwmamaﬂﬂmmummwamunumﬁmmmmaum Tog
gunsalifiufmdsnuiviianuaainiued 43 $1uau 2500 seu 3 wﬂmaauﬂiuﬂumm@wa
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Current (mA)
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Abstract: Recently, an integration of wireless sensor network with energy harvesters is getting
more interested because it can extend the life time of battery in a sensor node, which is very
important in many applications. This paper presents the concept of energy analysis in Zigbee based
wireless sensor network, which is powered by a piezoelectric energy harvester to optimize the
algorithms used in wireless sensor network. In this work, difference aspects related to piezoelectric
energy harvester, characteristic of power consumption in Zigbee based wireless sensor node and
concept of optimizing algorithms to balance input and output power in the integrated system are
proposed.

I. Introduction

In recent years, a highly advancement in technology such as embedded system and wireless
network have made it possible to integrate a micro-processor, sensor and wireless communication
module into a wireless sensor node, which, can be utilized in a wireless sensor network for
monitoring the region of interest. Wireless sensor network is widely used in various applications
whether in industry or agriculture due to its flexibility of communication without wiring and the
ability to trace significant information in harsh and inaccessible environment. Therefore, in many
sensor networks the life span of sensor nodes is very important. However, they are mostly
depending on batteries [1], which, are always limited by some constrains like weight and size of the
node. To overcome this issue, many researches on energy harvesting from environment are
proposed. The available primary energy sources that can be harvested and integrated to sensor node
are solar energy, thermal gradient, kinetic energy and vibrations [2-6]. Of all energy sources,
vibration energy harvesting is the most interesting and can provide most advantage for industrial
because most operating machines vibrate with a wide range of frequencies [7]. There are three types
of transduction methods for harvesting vibration energy; electromagnetic [8], electrostatic [9], and
piezoelectric [10] conversions. The piezoelectric transduction is the most interesting method due to
its conversion efficiency with simple structure and mass manufacturability [11].

The concept of using energy harvesting technique to prolong the battery life has been
proposed by many researchers [12-14], which mainly emphasize on the concept of energy
harvesting, energy management circuit or applications for the sensor node. However, the study of
the energy consumption of wireless sensor network integrated with energy harvesters is rarely
reported. Hence, this paper will focus on analyzing of energy utilization in the system to optimize
the algorithm of wireless communication. A Zigbee base sensor node is utilized, which is a network
and application layer specification for low-power radio device based on IEEE 802.15.4. It has a
standard, widely use and high reliability. The research aims at integrating this Zigbee based sensor
node with a piezoelectric energy harvester to replace a battery or prolong its life span and to analyze
an input and output energy in the system. Different aspects related to piezoelectric energy
harvesting concept, electrical characteristic of energy harvester and sensor node, integration of
energy harvester with sensor node and application are addressed in this paper.

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of TTP,
www.ttp.net. (ID: 161.246.71.10-20/01/15,02:37:52)
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IL. Piezoelectric Energy Harvester: Structure and Characteristic

Piezoelectric energy harvester can be significantly divided into two types; resonant type and
impact type. The resonant type harvester is types that need to be exited at its resonant frequency in
order to obtain the maximum displacement leading to the maximum power generation. On the other
hand, the impact type harvester operates without concerning about resonant frequency, though, the
output power from the impact type harvester will vary with the magnitude of vibrations. In this
work, impact type piezoelectric energy harvester is used because in practical the frequency mostly
varies in a wide range and it can harvest energy at wider frequency range than resonant type one.
The proposed energy harvester [15] used piezo-buzzer with 2.6 kHz resonant frequency as shown in
Fig.1 (a). The piezoelectric energy harvester is mounted onto a vibration source that imitates the
machine vibration by using a DC motor and a cam. The peak acceleration of vibration source is
around 4000 mm/s* with the first dominant frequency of vibration at 2190 Hz. When the vibration
source operates, the mechanical impact is transferred to the energy harvester causing piezoelectric
ceramic vibrates, consequently, the piezoelectric generates the electrical energy. Figure 1 (b) shows
the output voltage from the piezoelectric energy harvester, which is alternative signal around
22 Vp-p, 7.5 Vrms and 35.46 Hz.

G e

(b)) =" R

Fig.1 (a) Photograph of piezoelectric energy harvester (b) Voltage output from the piezoelectric

Most of electronic devices need direct current and constant voltage to operate but as shown
in Fig.1 (b), the output voltage from piezoelectric conversion is alternative current. For this reason,
an energy management circuit is needed to rectify and regulate the output from the piezoelectric
energy harvester. In this paper, the LTC3588-1 energy management circuit is used to convert

unusable output from the piezoclectric energy harvester and store that energy in a 2200uF
electrolyte capacitor. In Fig.2 (a), the voltage across the storage capacitor is shown when being
charged by output from piezoelectric energy harvester for 40 minute without load. Figure 2 (b)
shows the characteristic of power input charging to capacitor depending on voltages in no load
condition.

1000
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Fig.2 (a) Voltage across capacitor over 40 minute (b) P-V Characteristic of capacitor

From P-V curve in Fig. 2 (b), the power input store in capacitor is not constant. This is due
to the current charging to capacitor decrease, while the voltage across the capacitor increase. The
P-V curve can be used to optimize the operated voltage range of energy management circuit to
provide enough power to the sensor node.
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ITI. Energy Consumption Analysis in Wireless Sensor Node

The sensor node in this work composes of four components; a microcontroller, a
temperature sensor, a Zighee wireless module and an energy management circuit (LTC3588-1). In
order to optimize the algorithm for wireless communication, the current consumption of the sensor
node in active and hibernate states is needed to be calculated. Table 1 lists the current consumption
of the sensor node. In hibernate state, the sensor node consumes the current of 11.45 pA
(Ir,h + Im,]-n + Im,p + [s + IL)

Table 1 Current consumption of components in wireless sensor node from datasheet

: Current
Device ;
Consumption

Zighes Idle mode (.Iz,i? 10 mA

[bios Serissi3) Listen and Transmission (I,.) 40 mA
Hibernate (I..1) 1 pA

Supply Current (1) 450 pA @ 4Mhz

Microcontroller (PIC16F688) Hibernate Current (I, 1) 1.5 pA
Peripherals Current (I, ;) 2 pA
Sensor (MCP9700) Sensor Supply Current (1) 6 pA

E"crgyg’;'ag;s”;‘f‘;; Caremix Supply Current (1) 0.95 pA

The current consumption of sensor node in active state can be divided into three phases,
which are wake up and setting phase, idle phase and listen and transmission phase. The experiment
was conducted by connecting a series resistor to sensor node and measuring the voltage across the
resistor [16]. Then the current can be calculated by using the Ohm’s law. The current consumption
characteristic of the sensor node in active state is shown in Fig. 3.

Wake up and setting

[

Tranémission

Current Consumption (mA)
&
R S S R SR

] 10 15 20 28
Time (ms)

Fig.3 Current consumption characteristic of sensor node in active state

From Fig.3, the average current consumption in active state can be calculated by finding
electric charge (area under the current-time graph) and divided it by overall active state time. The
average current consumption in active state is 19.8 mA. Then, the average current consumption that
include hibernate state and active state can be computed by using equation (1).

- (Ihibemmz X tmbemalr ) + (Iac!h\e X tﬂr.‘.ive ) (1 )

(thfbema.'e + tacljvo )

I

avg

where I, is the overall average current consumption, Jipermae is the current consumption in
hibernate state, #4ipermare i the hibernate time, Ly is the current consumption in active state, ;.4 is
the active time. From the Equation, the overall current consumption of sensor node is 13.43 pA,
where the hibernate and active state time are 300 sec and 30 msec, respectively. With the voltage
output fixed at 3.3V, the average load power consumption is around 44.31 pW.
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IV Experimental Result and Discussion

Once the characteristics of the energy harvester and the energy consumption of the sensor
node have been analyzed, the characterization of integrated system is carried out. In Figure 4
displays the block diagram of the integrated system.
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Fig.4 Block diagram of the propose integrated system

From Fig. 4, the vibrations from the machine are converted to electric energy by the
piezoelectric energy harvester, which, is rectified by the energy management circuit and stored into
the capacitor. The stored energy in capacitor is then regulated to usable DC by the buck converter
when the voltage across the capacitor reaches the threshold level. The typical characteristic of
voltage across the capacitor from the integrated system is demonstrated in Fig. 5.
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Fig.5 Voltage across capacitor when the sensor node was integrated to energy harvester

In Fig. 5, the capacitor is charge for 672 second to reach the threshold voltage (around 5V).
Then, the energy in capacitor is discharged through the buck converter to supply the energy to the
sensor node in the active state. This makes voltage across the capacitor rapidly dropping to around
4.3V. After that, the capacitor is gradually charged to around 4.5V before the sensor node wakes up
from the hibernate state. The voltage across the capacitor can stay at around 4.3V-4.5V due to the
fact that average power input from the piezoelectric energy harvester approximately equals to the
output power required by the load. From Fig. 2 (b), this graph can be used to estimate the average
power of the capacitor being around 48.4 pW at the voltage of 4.3V to 4.5V. Therefore, the output
power after passing the LTC3588-1 is around 44.5 pW considering the 92% efficiency of the
LTC3588- This amount of energy is enough to provide to the sensor node (44.31 pW).

In this research, the LTC3588-1 is set to have the operative voltage range at 3.6V-5V. If the
voltage across the capacitor stays at around 4.3V-4.5V, the system can operate without any problem.
However, if the LTC3588-1 is set to have a higher operative voltage range such as 7V to 8V, the
average load power consumption must be adjust (decreased) to balance the input and output power.
In most applications, the power consumption of components in the active state cannot be changed.
Therefore, it is suggest that the hibernate time could be adjusted to obtain the proper average power
consumptions.
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Conclusions

This paper presents the energy analysis in Zigbee based wireless sensor node powered by
piezoelectric energy harvester. The characteristics of the piezoelectric energy harvester and the
energy consumption of the sensor node have been analyzed aiming to optimize the lifetime of
wireless sensor node. Based on the analysis, the hibernate time must be properly adjusted in order to
balance between the power generation from the energy harvester and the power required by the
sensor node. The outcome of this study should incite the establishment of the design protocol for
Zigbee-based energy harvesting wireless sensor networks. It should be noted that the analysis
presented in this paper is not restricted to piezoelectric energy harvesters: it can be applied to any
energy harvesting systems in general.
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