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Amayopevetan 1 avTypaer], amofKeELOT Kot SLOVOUY| TG TOPOVCAS EPYAGIAS, €&
OAOKANPOL 1| TUAHOTOS OVTNG, Y10 EUToPIkd okomd. Emitpéneton n avatdnwon,
amofnKevo Kot S10VoUT Yo GKOTO 1) KEPOOGKOTMIKO, EKTALOEVTIKNG 1) EPEVVNTIKNG VO,
VO TV TPOHTOOEST VAL AVOPEPETOL 1] TTNYT TPOEAELGNG KO VO, St pEiTOL TO TOPHV
pvopa. Epotipato mov a@opovv T xpnon g EpYaciog yio KEPIOGKOTIKO GKOTO TPEMEL
va arevfHVOVTaL TPOG TOV GLYYPOPEQ.

Ot amOyELS KoL TO GUUTEPAGLOLTA TTOV TEPLEYOVTIOL GE OVTO TO EYYPAPO EKPPALovV TOV
oLYYPOPEN Kol OV TPETEL VO pUNVELDEL OTL avTImpocwmeHovV TIG emioneg OIS TOV
EBvikov MetodBiov TToAvteyveiov.



Iepidnyn

H mapovca dSimhopatikn epyacio TpoyloatedeTon TNV avantuén Telpapatiknig dtitaéng yo
oV Yapoktnpopd meloniektpik®dv vAkdv. H oloéva kot av&avopevn (non ywo po
dpeon kot a&lOmoTn SldIKAGio YoPAKTNPIoUOD TE(ONAEKTPIKMY LAMK®V 0ONYNoe GTNV
avaykn avamtuéng pog mEPaRaTkng odtaéng, n omoia Bo umopel vor TPOYUOTOTON|CEL
uetpnoeg votépnong (hysteresis) xoi epmoopov (creep) tov melonAeKTpIKOY VAKOV
petald tov Aettovpydv g H d1draén mov avantdybnke Oa ypnopomomBet peta&d dAlov
ota mAaioto Tov UA9 Project, to omoio givor pia dtakpatiky cOumpaén mov oKomd el v
Beltimon tov ovotiuatoc collimation tov LHC (Large Hadron Collider — Meydhog
Emtayvvtg Adpoviov), Tov HEYOADTEPOL KOl 1GYVPOTEPOV EMTAYLVTY] COUATIOIOV

naykoopimg mov Bpioketan 6to CERN.

To Moywopkd vy v odraln avantdydnke oto mePPAALOV OMTIKOD TPOYPOUUATIGIOD
LabVIEW tng National Instruments evd ta SCripts yio v petayevéotepn enelepyacio Tov
dedopévav mov cLAAEYONKav oe Matlab. Oleg o1 onuavtikég mruyég e oyxediaong tov
AOYIGLUKOD OVOADOVTAL PLE AETTTOUEPELX, LETAED TOV OTTOIMV 1) GYEOIOGTIKT OPYLITEKTOVIKT, 1
Jwxeipon, omewkdvion Kot petemeepyacic T@V  dedopEVEOV, O GLYYXPOVIGUOS NG
dwdkaciog Ayme dedopévev, OAeg Ol €mAOYEC eKTEAEONG KOOADG KOl 1 OLTOLOTY

dNuovpyio ovopopdc.

Aggearg Khewdona: ITieConrextpikd vikd, LabVIEW, Matlab, votépnon, epmooudg, UAY,
CERN, LHC, Mgydroc Emrtayvvtng Adpoviwov
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Abstract

The present diploma thesis deals with the development of a test-bench control for
piezoelectric actuators characterization. The growing demand for a fast and reliable
procedure for piezoelectric actuators’ characterization has subsequently led to the need for
development of a test-bench structure that can perform hysteresis and creep measurements
among its other functions. The developed test bench will be used to provide results that will
be utilized within the UA9 project, a collaborative initiative that has undertaken the task of
improving the collimation system, a critical component of the Large Hadron Collider

(LHC), the world’s largest and most powerful particle accelerator at CERN.

The software part of the project is written in National Instruments’ LabVIEW visual
programming development environment and the scripts for the post-processing of the
collected data in Matlab. All of the important software design aspects are covered in detail
and those include among others the design architecture, the data management,
representation and post-processing, the synchronization of the data acquisition, all the

execution options and the automatic report generation.

Keywords: Piezoelectric, actuator, LabVIEW, Matlab, hysteresis, creep, UA9, CERN, LHC
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Evyaprotieg

®a MBeha va guyapiomom tov emPAénovia kadnynt) pov, k. Hiio Kovkovton yw v
ocvvey ] vrootNPlEN Kal Kabodnynon tov kebm¢ Kot TNV TopdTPLVGN TOL VO ATOKTNGM
moAvTeg eumepieg dovAevoviag oto CERN. Emiong 6o Mbsha va exppdocom tnv
gvyvouoovvn pov otov entprénovtd pov oto CERN, Mario Di Castro, ywo tqv gumiotosvvn
mov pov £d0eiée kar v Pondeta. EmmAéov Ba Ok vo eKPpAc® TV EKTIUNGN HOVL TTPOG
T0UG cLVadEAPovg pov oto CERN, yopig v Bonbeia tov onoiwv dev Ba pmopodcoa va
TPOYOPNC®.

Téhog Ba Bela Vo eVYOPICTACH TNV OIKOYEVELD KOL TOVG GIAOVG LoV Yo TNV aydmn Ko

VROGTNPIEN HEGA GTA YPOVIAL.
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Ilpoioyog

H mopovca epyacia exmovinke oe ocvvepyacia pe tov Evpomaikd Opyaviopod

[Mupnvikdv Epevvav (CERN).
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Ewcaywyn

2KOTOG TOV TOPOVTOG KEPAANIOV EIval 1 EI0AYMYN TOL OVAYVAGTN GTIG £VVOLES OV

TPAYUOTEVETOL 1] TOUPOVCO, OUTAMLOTIKT).

Apywcd, yivetoan g ewooywyn oto CERN, akoAovBoduevn and pio meprypaen tov
Meydrov Emtoyvvty Adpoviov (LHC), tng doung tov Kot T@v K0PV GLGTATIKOV
ov tov amoptifovv. Emakdrovba, emkevipovopacte oe éva ond To MO Kpicylo
vroovotiuata tov LHC, to Collimation system, mapéyovtag Aemtouépeleg oyeTikd pe
Vv Asrtovpyio Tov KaBdg Kot TIG HEAAOVTIKES TAGELS. ZVYKEKPLUEVA, €0TIALOVILE GTO
npotewvopevo crystal collimation UA9 project, to omoio Oa Bektuvoet T Agttovpyio
kot amddoon tov collimation system kot mepilapfdver v xpnoipomoinon
meloniektpikddv otoryeiov. Ev ovveyela, kdvovpe Mo pukpn ewooymyn oty
emoTUN TECONAEKTPIKAOV VAMKAOV, £0TIALOVTAG KLPIOG OTIS O10TNTEG TOV VAKOV
OV PEAETMOVTOL GTNV TOPOVGO SIMAMUOTIKY, KOODS KOl Lo, GUVIOUY| €160 YWY OTO
Moyiopkd LabVIEW 1nc National Instruments, to omoio emétpeye 10 £pyo Tng

OUTAOUOTIKNG VA TEPATMOETL.
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1.1 Eicaywyn oto CERN

To CERN, o Evpondikdg Opyoviopodg ITupnvikav Epevvov, Bewpeitar éva and to
HeYOADTEPO KOt O KATASIOUEVE KEVIPO EMGTNUOVIKNG €pEVVOG Kol PpiokeTol ota
voTloduTiKd podotio TG ['evedng ota ['dAlo-eABetikd cvvopa. IIpog to mapdv €xet
glkool gupomaikd kpdtn péEAN, kabog kot 1o IopanA, mov eival T0 TPOTO Kot
LOVOOIKO UN-EVPOTATKO KPATOS LEAOG.

To CERN 13pvbnike to 1954 kot éktote PBpioKeTon 6TO TPOGKNVIO TNG EMGTNOVIKNG
épeuvag e TOAAES omovdaieg avakaALYELS va Eyouv AAPeL ydpa o€ avtd, Onmc M

epevpeon tov World Wide Web.

Avt ™ otypn, mdve and 10000 emompoveg kot 600 Wpdprata and mive ard 100
YDOPES SLUUETEYOVV oTIS dpactnprotntes Tov CERN, kabiotdvrag To éva and ta mo

nolvrnoMTicpikd mepiBdilovia otov epeuvnTiko ympo. [1][2][3]

1.2 Eicaymwyn orov LHC

O LHC (Meyahog Emtoyvviic Adpoviov) eivar évog KUKMKOG ETITOYVVING WE
dapetpo 27 km, mov PBpioketar 175 M kdtw omd to ['dAho-eABeTikd cuvopa KOvTd

ot ['evedn kot katackevdotnke amd to CERN.

Zyfpa 1. 1: TomwoOgoio Tov vadysov LHC tovver
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O LHC ypnowonotei to 1610 tovved pe tov mponyoduevo emitoyvvt tov CERN,
Large Electron Positron (LEP), ta amoteiéouata tov omoiov cuvvetélecav otnv
kafiEpwon tov Kabiepopévov Movtéhov® katd ™ ddpkew Asttovpyiog Tov omd To

1989 wc o 2000. [4]

LHC

LHCb

SPS

16

ATLAS

e

2006 Gran Sasso

TT60

AD

T2 1999 (182 m)

LINAC 2

Leir

N
LINACS 2005 (78 m)
lons
» ion » » p (antiproton) = /antiproton conversion  » neutrinos » electror
LHC Large Hadron Collider SPS  Super Proton Synchrotron  PS  Proton Synchrotron
AD Antiproton Decelerator CNCGS Cern Neutrinos to Gran Sasso  1SOLDE
LEIR LowEnergylonRing LINAC LINear ACcelerator -ToF

Typa 1. 2: To cvpumreypa emroyvvtav oto CERN

MoMc ta copatiol Topdyoviar Omd TOV 10VIGHO TOL VOPOYOVOL, YPOUIKOT
emtoyuvtéc (LINAC), evioybovv v evépyeld Toug Tpotol avtd gyyvbovv oto Proton
Synchrotron (PS) dwapétpov 630 m. To npwtdvia ev cvveyeio eyyéovtar oto 7 Km

dwapétpov Super Proton Synchrotron (SPS) to omoio ta emtayvver oto 450 GeV. O

! To Kabepopévo Moviého (Standard Model - SM) eivar éva ohvoro Oempidv mov
TEPLYPAPOLY Ta. DepeldOn copotioln kot Ty aAinienidpaon tovg. [Hapd v mepapatikn
gmtvyio Tov, t0 Kabiepopévo Movtého dev Oempeitar axopo minpng Oswpia kabdg dev

wepthappavetl T fopdTNTa, TN GKOTEIVI] VAT KO T1) GKOTEWVT EVEPYELX.
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LHC t6te emroyvvel ta copatiow oto 7 TeV 2. Ao OE0LEC TPMTOVIMV, UE EVEPYELN

7 TeV n kdéBe pa cuykpovovtat, odnydvtag o€ evépyeta 14 TeV avd chykpovon.

Ké&be o6éoun mepiéyer 2808 bunches pe ehdyiomn amdotacn 7 M otn péyot
Aertovpyio. Kabe bunch mepiéyel mepinov 1.15x10" TPOTOVIO pe pnKog mepimov 11
cm kot owdpetpo 400 um. Kovtd oto onueic arAnAemiopoaong, To bunches
coumiECovTol pEYPL To UKOG Toug va givar 7.5 cm kot 1 dSdpuetpodg tovg 16 um dote
va avéEndei n mbavotnta chykpovonc. Eikoot cuykpovoelg TpmToviov-tpwtoviov avé
bunch mpocdokovvtar ce éva TpEEWO VYNANS GOTEWVOTNTAG, AL SESOUEVIG TNG
ocvyvotmrtag cvykpovons 40 MHz, o cuvolikdg apBpdc cuykpovoewv Eemepva o 800
exotoppvplo. avd devtepdiento. H ogwtewvdmra, mov 1codtor pe tov apdud
COUOTOIOV 6T OTOpN] TNG OEGUNG avVA LOVADd XPOVOV, OTAVEL TN PEYLGTY T TOV
10* cm™2 ™! votepa and 6v0 yaunidtepeg eacels, 5.0 ¢ 102 cm? s kon 2 « 10%

cm s,

[Ma va ektpamovv ot déopeg mpmtovimv 6to daytvAidt tov LHC, 1232 vrepaymyot
(superconducting - SC) odwmolkoi payviteg pnkovg 143 m o  kabévac
y¥pNooToovVTOL KoOMG Kot 858 vmepaydylol TETPATOAKOL HOYVIATES Y10 VO TIG
eotidoovv. [ tig yaunAég Beppoxpacies mov amortodvrar ywoo v emitevén g
VIEPAYDYIUNG WOTNTOG GTOVS HAYVATEG Ypnotpomoteitoar vypd NAto. Ot datdéelg
KPLOYOVIKNG 7OV  YPNOLOTOOVVTOL Y10 VO TOPEYOLY TO MAL0 OTOTEAOVLV TO
peyoldTeEPO ovoTUo Yoéng otov kOGHo, Asttovpymvtag otovg 1.9 °K. O LHC

Bempeitor To 70 TOADTAOKO EMGTNHOVIKO Teipapo oty otopia. [5][6][7][8]

121 ZXkxomoc rov LHC

‘Evag amd tovg onpovtikodtepovg otoyovg tov LHC ftav n anddeén vmopéng tov
copatdiov Higgs. To pmolovio Higgs, mov mpotdbnke Oempntikd to 1964, givar éva
OTOLYELMOEG COUATIO0 TOV omoiov 1 Vapén avakowvmbnke cto CERN otic 4 TovAiov
2012. H onpooio g avakdivyng éykertar oty emPePaimon tov nediov Higgys, to

omoio eivar kpioyo oto Koabiepopévo Movtého kot 6e GAleg Bewpieg otn QLGIKNY

2 r e , , ’ , ’
To TeV givon povado PETPNONG TG EVEPYELNG TTOV YPTCLUOTOLEITOL OTT) PLOLKT COUATIOIMV.

1 TeV egivon mepimov 1 evépyeta kivinong evdg mTdpevov Kouvoumiov. Avtd mov KAveL TovV

LHC 1600 &eymplotd eivar OTL OTPYUDYVEL TNV EVEPYEWL GE €vo YMPO TEPIMOVL £€val

EKOTOUPOPLO POPEG LIKPOTEPO OO £VO, KOLVOUTL.
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copatwiov. Me 1o Koabiepopévo Movtélo, ot @uoiKol €yovv KaToeEPEL Vv
TEPLYPAYOLV T GTOYELDMON COUATIOW KOl TIG aAANAEmOpacels Tovg. To umolovio
Higgs, éva massive scalar ctotyeumdec copatiow, eEnyel yloti ta dGALo GTOLXEWDON
copatidw Exovv palo kol otnv HiektpacOevy Oewpio (electroweak theory) napdyet

TG nalec tv Aemtoviov (MAektpdvia, Hovia, Tow) Kot kovdpks. [9]

Agdopévo amd OAovG Tovg aviyvevtég Ba avaivBoldv emiong yio v mopatipnon
emmAémv dwotdoemv. H Oswpia Xopdwv (String theory) mpopiéner 11 vdpyovv
TPOGOETEC YWPIKES OUOTAGELS KOl {0MG Hmopovv va mapatnpniovy e moAD VYNALG

EVEPYELEC.

1.2.2 LHC Layout

O LHC amoteAeiton amd morréc dwatdEels mov emtelodv dtakekpiéva Epya. Iapot
peyaho oe apBud, ta Poacwkd otoryeio tov LHC pmopodv va cuvoyiotovv g

aKoAoVO®G.

Ta Boaowkd otoyeion puowkd eivar ot avyvevtés. TEooeplg aviyvevTés cOUOTIOIOV
€yovv kataokevootel Kot tonofetnBel oe peydiec vdyeleg 6TOEG, TOV AVTIGTOLXOVV
070, TECGEPO ONUEID GLYKPOVGEWV TV 0V0 decudv. Avtoi givar ot ATLAS (A
Toroidal LHC ApparatuS), CMS (Compact Muon Solenoid), ALICE (An LHC lon
Collision Experiment) ko1 LHCb (LHC beauty). Ot ATLAS kat CMS egivan
GYEOGHEVOL Y10 VO LEAETOVV éva LEYAAO €0POG PUOTKTG Kot Bempovvton Telpdpata
vevikov okomov. O ALICE givar apiepopévog oTig cuykpovcels Papldv 10vImv Kot
avadnuovpyel cvuvinkeg mapduoteg pe avtég akpimg petd to Big Bang @wote va
pueketnOobv kot avaivBovv ot 1610tTeg TV quark-gluon midouatog, evdd o LHCh
givan aplepopévog ota eavopeva B-physics — pe dddo Aoyia, eotidlel ota B-hadron
decays ta omoio UTOPOVV Vo HAG SUPOTICOVY GYETIKG UE TIG SopoPEG HETAED VANG
Kot ovTwAng koo kot mbavotato vo pog map€yovv EUUECEG OmOdEiEElS Yo
owdkacieg mov mapaPidlovv 10 Kabiepopévo Moviého. EmumAéov vmapyovv ot
TOTEM (Total Cross Section, Elastic Scattering and Diffraction Dissociation at the
LHC), LHCf (Large Hadron Collider forward) xox MOEDAL (the Monopole and
Exotics Detector At the LHC). [10]
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CERN
“=7 ATLAS ALICE
Lkeintsl = Point 2

Tyfpa 1. 3: Zvvolki emonteio TV TEpopdtov Tov LHC

Inuovtikd otoyeio otnv Aettovpyia tov LHC elvar o1 vrepaydyipor poyvitec.
Avtol givarl vrevBuvol yio va kpatdve T 06oEG 0TOOEPES Kot EVOVYPUULGUEVES.
ZVYKEKPLUEVO, OL OUTOMKOL LAYV TES ATOTEAOVV £VAL OO TOL TTLO TOAVTAOKO KOUULATLO
tov LHC xot ypnopomotovvrotl yoo Ty KApy”n e TPOYLAS TOV 6OUATOImV. Avtd
elvar amapaitnto apov o LHC sivat xoxdikdg emitoyvveig, mov onuoivel 0Tt 1 déoun
TEPIOTPEPETOL TOAAEG (QOPEG O KAEWGTN TPOYWL TPV @TdceEL TO HEYIOTO €MimedO
evépyelag, o€ avtifeon pe Evav ypauuiko emitoyovty, OTOL TO. GOPTIGUEVO COUATIOW
Kivoovtol o€ evbeieg Tpoylég kal mepvovuy amd aplud ETITOYLVTIKOV OOTAEEWDV.
Yrdpyovv 1232 kvprot duroAikoi poayviteg eykoteotnuévol otov LHC kot o kabévag
éxet 14.3m pnrog kot Quyilet 35 tdvovc.

Al (otikd ototyeion eivon o1 TeTpamolkoi payvites. Avtoi fonbovv ®ote va
KpatnBovV o cOUOTIOWN G o oELXTH OEoUN — HE GAAL A0V, 0TIACOVY TN déou.
H ¥éa mico and avtd eivar 6Tt 6tav 10 cOHOTION GLYKEVTP®VOVTAL, £ival To mOavod
VO GLYKPOVGTOVV GE UEYOAVTEPES TOGOTNTESG OTAV PTAGOVY TOVG aviyveLTEG Tov LHC.
EmumAéov vapyovv pikpotepotl e€amohikoi, oktamoAikol and dekamokoi puoyviTeg

yio T SOPH®ON KPAOV OTEAEIDV TOV HOYVNTIKOV TESIOV 0TA GKPO TOV OUTOMK®OV

poyvntov. [11][12]
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Meyding onuaociog eivar exiong ot kowhoTNTES padrocvyvotitov (radiofrequency
RF cavities). ITpoxettot yio petolhkong O0AAUOVE TOV TEPIEXOVY NAEKTPOUAYVITIKO
edlo Kol KOPLOG OKOTOC TOVG €ival vo emTtayOVouV QopTIcUévVe cwpotidla. Eivot
KOTOUGKEVOGUEVOL e TETOWO TPOMO MOOTE TO MAEKTPOUOYVNTIKG KOHOTO Vo
ocvvtovifovtolr Kol vo eVioYLOVTOL OTO €0MTEPIKO TOLG. To amotédecpa eivor
QOPTICUEVO GOUATION TOV TTEPVOVV PECO QT TIC KOIAOTNTEG Vo d€YovTon TV mOnon
TOV EVOAAOGGOUEVOL MAEKTPOUOYVNTIKOD 7ediov Kot va emttayvvovrol. A&ilel va
onuewdel 6t 10 medio aAralel katevBLVON GE CLYKEKPIUEV GLYVOTNTO DGTE VO

kabiotatatl Suvarh 1 emttdyvvon). [13]

‘Eva dAho onpovtikd otoryeio tov LHC givon 1o svetnpe axoppuyng 6éoung (beam
dump system). Ou déopeg dev KLUKAOQOPOOV HECH GTOV EMLTOYLVIN €T’ OITELPO.
Kabmhg copotidio cuykpodovtar pe to TAdL Tov cwinva g déoung (beam pipe) 1
HeTaED TOvG, ot 0écpeg ‘POivouy’ pe amotédespa va yivetar 6Ao kot mo amiboavo vo
00MNYNOOLV GE EVILOPEPOVCEG GLYKPOVGELS. Ot PUGIKOT UTOPOVV VA ATOPPiYoVV TIg
O£0EG, APALPOVTOS TEG OO TOV EMTAYLVTN Kol GTEAVOVTAG TG Vo amopplpBodv e
aGPAAELL GTO GVOTNUA aTOPPLYNG décung — cLVNB®G Eva BwpaKiGUEVO EVAVTIO GTNV
aktvoPoria tetpdywvo Pabid kbtew amd to £0agog. I va yiver katovontn 1
avoykoldTnTo. TOL GCULOGTNHUOTOS, Ml ovouaoTik oéoun tov LHC  mepiéyet
amobnkevuévn evépysia 350 MJ, mov mepilapPavetar oe 2808 bunches pe tomiky
amokAlon 6 ¢ tééng tov 0.3 mm. H katactpopikn dvvaun piog t€totag 0Eoung
EMTACGEL £VO. GUGTNO ATOPPIYNG, LE TO OTOl0 agaipeital n déoun €5 oAoKANpov
a6 tov LHC, ghattdverol 1 mokvotnto HEYIoTS dVvaUNG Kot gV TEAEL OTOPPOPATOL
N 6éoun and éva eEedikevpévo ovotnua. [14][15]

Téhog avamoéonacto koppudtt tov LHC eivar to collimation system. H vynirg
ootewvotrog amddoon tov LHC Poaociletor oty amobnkevon, emitdyvvon kot
GLYKPOLCT| OEGUMV e TP®MTOPOVY evépyeta. H mukvotnta evépyslog g 0éoung sivor
1000 @opég vynAdtepn o’ 0Tt eiye emtevybel e mapdpola dayTLAIdL 0ToOKELONC
npotoviov. EAdyiot oappor] avtig ¢ amodnkevuévng evépyelog emapkel yio va
EMPEPEL quench® oe évav VIEPOYDOYLLO HOYVITN 1) OKOUO KO VO KOTAGTPEYEL LEPN

tov emtoyoviny. To LHC collimation system mapéyst mpoctacio 6tov emitayvviy

* To “Quenching” cupPaivel 6Tav 0mO0SATOTE PEPOG EVOS VIEPOYDYLOV KOA®SIOL £VOC
poyvin petafaivel o€ un-vrepay@yn Katdotaon. Zvppaivel otov EemepviéTor 1 Kpioun

Oepurokpaociao 1| oe TEPITTOON OMOTVYIOG YOENG 1] UTOAELDV OEGUNG.
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EVOVTL OTIC OVOTTOPEVKTEG GLVNOIGUEVEG KO OTTPOPAETTES AMMAELEG KO EMLTVYYAVEL TO

amapaitnto mepipepelakd kabapiopa (halo cleaning) tng déoung. [16]

RF
cavities

Cleaning Cleaning

Yympea 1. 4: Mepidnyn tov LHC layout

1.3 To LHC Collimation System

Onwc avapépnke v ovuvropia, To LHC collimation system amoteAei tqv duuvva tov
LHC amévavtt oTig avamOpevuKTes OnOAEEG TG dEoUNG. X avtifeon pe éva 1ovikd
nelpapa, n epmelpia Exet OeiEel OTL CLYKEKPIUEVES OlEPYAGIES 001 YOUV GE UTMMAELES.
Ot yxepiopol mOV ATOITOVLVTOL YL TNV TPOETOHAGIO TNG OEGUNG Y. GVYKPOLON,
kaBmOG kol ot 101eg 01 CLYKPOVGELS, 00MNYoVV og ammAgleg. Onwg yivetan £OKOAN
KOTOVONTO, OVTEC Ol OMMAELEG UEYOADVOLV KOOMG OVEAVETOL 1 QOTEVOTNTO TNG
oéoung. Emumiéov, €& autiog tov vrmepaymyipwov mepidrrioviog tov LHC, éva
amodoTikd cvotua kabapiopov mov 0 arotpénel To “quenches” sivat avaykaio. [17]
O kOprog oxomdg tov collimation system eivar 0 KaOAPIGHA TOV POTOGTEPOVOV
(beam halo), dtutnpdvtag TavTOXPOVE TIG ATMOAEIEG GE evaichnta onueio KdT® TOL
emtpentov opiov. To vmdpyov cvotnua eEacporiler 6Tt katw tov 0.01% tov

ATTOAEL®V TNG 0EGUNG EVATOTIOETOL GTOVS KPHOLG LAYVITEG.
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To eykateotnuévo collimation system amotedeiton and 5 uépn: (1) ™ Pdon, mov
ompilel T0 ovoTUO 6TO TOVVEL, (2) TV TAGKO €VOLYPAPUIONG, TOV EMITPETEL TN
pvOuion tov collimator xar (3) To lower plugin, mov Tapéyel YuKTIKO VYPO KoL TIG
niextpikéc evooelc. Ta mpoavapepBévra pépn anotehodv to base-support assembly,

mov gaiveral oto Xy. 1.5.

Yympa 1. 5: Collimator base-support assembly

To vrdrowro collimation system amoteleiton amd (4) ™ de€apevn kevoo pe dHo jaws
KOl Kivntipeg yu T kivnor toug kot (5) to upper support assembly, mov gido&evei
OAa o avaykaio Yo T eykatdotacn pépn. O dtaymprouds ueta&v base-support kot
upper-support assembly e&vmmpetei v ypryopn €yKATAGTOON KOl GVTIKOTAGTOON

tov collimator ce nepintmon PAGPNC.

Yynpoa 1. 6: "Eve LHC collimator pe mnv de&apevi) kevod avoryti}, aplotepd, Kot KOVTIVO TAGVO TOV
avoiypatog, ogdua.
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H de&apevn amoteleiton and 60O jaws mov eMITPEMOVY €va, AVOLYLO. Yo, T dfoun,
npokTikd mepropilovtog to beam halo kot and T dHo mhevpés. Alobntpeg akpiPeiog
YPNOUOTOLOVVTOL Yo, VO Tapakolovbeital 1 Béon tov jaws Kot 1 amrdGTAGT TOVG.
[Tave ota jaws eivar tomobetnuévorl aictntipeg Oepuokpaciog. Olo ta mapamdved
givan ovvdedepéva oe Eva beam-interlock cvotnua mwov mvupodotel TV amdppLyn TG

déoung av aviyvevBovv mbavadg emKivovveG GUVONKEG.

To collimation system tov LHC mepilapBdver pio moAlveminedn dSiodikacio
kabapiopod. IpwtoPddua, devtepofaduia kot tprrofadute collimators kai absorbers
a&lomolovvrat yo va petwbovv ta halo copotidio oe avektd enimeda. Zvpumoyn LAKG,
amd avOpoko OAAG KOl UN-GLUTOYT] OAAL DYNANG amoppOPNoNG UETOAAKE VAWK

YPNOLOTOLOVVTOL Y10, SIAPOPOVG GKOTOVG.

To collimation system tov LHC &ivail to peyoldtepo Kot mo mponyuévo GOGTILO
KaBapIGoD TOL KATAGKEVAGTNKE Yl EMTAYLVTIN coOUATOi®V. Amoteleiton and 84
Kwvovuevovug collimators dbo dyemv dapopwv oyedimv kot VAK®V, Tov poli pe Toug

injection protection collimators enttpémovy 396 Babuovg erevbepiag.

2m péyom evépyesw tov LHC, mo 6éoun peyébouvg pkpotepov amd 200 pum
petappaletor otnv avaykn to collimators va Aettovpyodv pe peyddn axpipeio. H
gyyevig molvmhlokotnto TV Topoviov collimators kabmhg ko 1 embopia enitevéng

axopa vymAdtepov kabapicpoatog halo, odfyncav oto UA9 project. [18][19]

1.4 To UA9 Project

To UA9 Project, o ooumpaén Tovemomuiov Kol EpEVVNTIKOV KEVIPOV OTO TNV
oo, Itadio, Pocio kor Hvouévo Baciielo, epeuva mwg pikposkomikoi Avyicpévol
KpVoTaALol pmwopovv va. Bedtidoovy to collimation oe peydlovg emrayvviég, Omwe o

LHC.

AvTtd OV KAVEL TOVG AVYICUEVOVS KPUOTAAALOLG YPNOLUOVS Elval OTL 1] KPLGTOAAIKN
doun umopel vo mePlopicel TIG KATEVOVVOELS TOV QPOPTIGUEVOV COUATIOIOV 7OV
wepvodv amd péco Tovg. Avtiy M WwdmTo pmopel vo ypnowomomBel yoo v
QTOLLAKPLVOT 6OUOTOIMV. APoD ekTpamovy amd tov Kpvotaido, to halo couatid

avoyartiCovrol and devtepevovosg dwatatelg collimators mov dpovv wg absorbers.
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ultiple scattering (multi-turn halo)

Jeé-channeled particles
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equipment

Mask

Yympa 1. 7: Avedwaoio collimation pe kpvosrario

Onwg avapépdnke, ta vrapyovto collimators eivar oyk®dn ko to absorbers mwoAnd
KOVTA oTn O&oun, kdvovtag TV evbuypdupion moAdvmiokn. H ypion kpvotdAiov
Aver avtd Tt mpoPAnuota, KoOMG Evag KPUOGTOAAOG TOL YXPNGULOTOLEITAL MG
npoted@v collimator umopei va extpéyet ta halo copartidia ce peydreg yovieg Kot va
T Kotevbovel og devtepedovaeg dwata&elg collimator-absorber. Kat’ avtd tov tpomo,
10 oykmdeg collimator-absorber pmopel va tonobetnOei oe peyarvtepn amdotoon an’
Vv OGN, EAATTOVOVTOG TNG MOAVTAOKOTNTO TOL GUOTNHUOTOS KOl ALEAVOVTOG
TOVTOYPOVO TNV 0TA0GT TOV.

Ot mpidteg dokipes g weag £ywvav to 2009, ypnoomowdvrag déopes and to SPS
(Super Proton Synchrotron) kot ftav emtoynuéves. AvEKSOTO OTOTEAEGLOTO
TPOCOUOIDCEMV YioL To Tpotewvopevo collimation system tov LHC, mpdyuatt
mpoPAémovv o amddoon kobapiopov 5 pe 10 popég koAvtepn Ge GOYKpPILoN LE TO
vrdpyov cvotnua. H mpocappoyn, @otdco, g 10Eag o £vay EMTAYLVTI] VYNADY
evepyelnv ommg o LHC gvéyetl mpokinocelg. Zvykekpipéva, 6 cuvOnkeg npepiog £vag
Ayopévog kpvotailog pmopel va evamobéter puéyxpt 0.5 MW 1oyvoc oe éva pukpd
onueio tov collimator-absorber, mpdypo mov onuoaiver 6t to collimator-absorber
TPENEL Vo Uopel vl avt€xel autn T SUVOUN Yo TOAAL devtepOAEnTA YPig nd.
Emnpocbeta, o puOudc avamtvéng tov halo tg 6éoung eivor 1660 apydg mov ot
TPATEG TPOOKPOVGELS GTOV KPOGTAAAO cuuPaivovv 6 pio TEPLOYN TOL HOALS Eemepva
o Myo atopikd otpopato. Avtd petaepdaletor otnv amaitnon vo vmapyel o
eMimedT EMPAVELN TAPAAANAT GTO KPLOTAAAKE emineda pe TpmToPovn avoyn. TELoG,
WoYVEL TOC 000 PeYOADTEPN €ival 1 evépyslo coUaTdion, TOCO HKPATEPT €ivorl M
YOVIOKT ovoyr. AVTO E€MTAGOEL UNYOVIGHOVG €LOLYPAUUIONG HE HEYAAN YOVIOKY
axpifelo kou 6 aVTO TO TAAICIO EYKEITOL 1 OVAYKT KOTOOKELNG O14TOENG Yo TOV
YOPoKTNPIoUO TECONAEKTPIKAOV GTOLXEI®V.

Xe avtd to onueio eivor amapoitnro vo mopobEcovpe HEPIKEG AETTOUEPEIES TOL

npotewvopevo and to UA9 Project cuetiuatog collimator kpvetdiiov yuo tov LHC.

29



To oyxéd0 mepotpépeton YOpo oamd €va  YOVIOUETPO KATOAANAO Yo TOV
TPOGAVATOAGLO Kot TNV TomoBETNGN TOV KPUGTAALOV e YOVIoKT akpifela g Tdéng
tov 1 prad mov amauteiton amd ™ Aertovpyio tov LHC. H mpotewvopevn Adon
amoteAeiton and 000 STALES, MO UNYOVOAOYIKT, YPORMKY JStdtaln Kol o
TEeCONAEKTPIKT, TEPLOTPOPIKY OATOEN 7OV  €YYVLATOL YPOUMKY HETOPOAR TOL
YOVIOKOD TPOGAVATOMGHOD G€ OAEG TIG TEPMTMOELS. To mAGvo ov £xel mpotabet
€lodyel Tov eAdYIoTO apOUd EMMALOV GLOKELAV ©TO VLIAPYOV mAGvo tov LHC,
ekpetodlevopevo ta vdpyovta collimators kot dpyova.
Méypt topo, M TEPIGTPOPIKN KIVNOTN EMTUYXAVETOL HETOTPENMOVTOS TN YPOLUIKY
Kkivnon evog poyAov, ypnoiponolmvtag vPpdkodg kivnmpes kou LVDTS yu v
TAPOKOAOVONOT TNG YPOUUKNG TOTOBETONGS. ALt N SITAEN GE YEVIKEG YPOUUUES
EMTLYYAVEL TO OKOTO NG o€ otafepic cLVONKES, MOTOCO, KAT® amd GLYKEKPYEVES
ocuvOnkeg mopatnpeitor veépPacn TOGO OTN YPOUMKN OGO KOl OTN YOVINKN
tomofEnon.
o va Eemepootel to mpoOPAnuo g yoviekng oxpifewag, mpotddnke 1O
melonkextpikd yovidpetpo tov Xy. 1.8. H mpoavaepepbeica Avon eEacparilel ta
TOPAKATM:
e  Metakivnomn tov KpuoTdALoL Ypapkd kol kdbeta ot déoun pe Prna 60
MM Kol YPOUUKT avdAvon S5 um.
e TlepoTpoen TOL KPLOTAAAOL pE €VPOC YwViakNg ektpomng +10 mrad pe
yoviokn avaivon 0.1 prad ko yoviakn akpifeto £1 prad.
o Toviakn extponn pe avakpifeto < 10 % ko settling time oto 99% tng teAkng
TN Tov 20 ms.
o X®ot Asttovpyia petd amd ymoyo otovg 250 ° C.
e  Xwot Asrtovpyia o€ enimeda axtvoPoiiag 10 MGy.
e Ebkoln eykatdotacn oto LHC Collimator quick plug support system.

o Awpavég ot kavovikn Asttovpyio tov LHC.
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Tyfpa 1. 8: IheConiekTpiko yoviopeTpo

Yvvoyilovtog, 10 oyédlo meptlapPavel po melonAEKTPIK TEPIOTPOPIKT SATAEN
tomofetuévn mave oe v vyning axpifelog  ypoppkd GdEova, mov padi
EKTTANPOVOVV TIG TPOSLOLY POPES.

I'V avtd 10 AOYO, kpibnke amapaitnn N AvATTLEN HOG TEWPAUATIKNG OdTadng Yo
TOV YOPOKTNPOHO TECONAEKTPIKOV VAIK®OV, Tov B0 MGTONMOHoE LIAPYOVCEG
petpnoelg ko Oo emétpene ™ perétn ovvbetwv Bepdrtov, O6TmG M emidpacn ™G

axtvoPoriag ota meloniektpikd vakd. [20][21][22][23]

1.5 Ewaywyn ora Iheloniektpina Yiika

H AéEn piezo npoépyetar amd v eMnvikn AéEn “miéley 7. Ta melonAekTpikd vALKE
Katéyouy V0 avTIoCTPOPEG WOIOTNTEG: TNV KAVOTNTA VO VATTOGGOLV TMAEKTPIKO
QOPTIO OTNV EMPAVELL TOLG OTOV UNYOVIKT TLECT OGKEITOL GE AVTA KO TV IKOVOTNTO
Vo ELEaVICOVY UNYOVIKT TOPApOp@on OTav d10XETELOVTAL e NAEKTPIKO popTio. Ot

010N TES TG amekovilovtan oto Xy. 1.9.
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Tensile stress applied Compressive stress applied DC voltage applied DC voltage applied with
to the material. Positive to the material. Negative to the material. Tensile reversed polarity.
voltage generated. voltage generated. strain generated. Compressive strain generated.

Yyqpe 1. 9: Zopmeprpopd melonAeKTPIKAOV VAIKOV

Yndpyovv ouowkd meloniektpikd vAMKG Omw¢ to quartz xou tourmaline aAAd to
TEeCONAEKTPIKO QOVOUEVO GE OVTA OgV €lval TOAD 1oYLPO KOl TO LAMKO TPEMEL VoL
Komel og ovykekpipéva oynuata. Texvnroi kpvotailol 6nmg to Rochelle salt kot
lithium sulphate pmopovv va amoktiocovv v melonAekTpikny 1W310TNTAL €
Brounyavikég dradkacieg aAld kdtt tétolo amantel peydAo xpovo depyaciog. Avtod
poc odnyel oto kepopkd vAkd omwe to Lead Zicronate Titanate (PZT)*, mov dev
KOTEYOLV TECONAEKTPIKESG APETEG EK PVGEWS, OAAG UTOPOVV VA TIG AMOKTIGOVY HEGEH
™m¢ ddikooiog mov ovopdletor poling. Yzmdpyovv TOALG TAEOVEKTAMATO GTOL
KEPOULKG PieZ0s Omwe M €DKOAN KATAGKELT Kal EvEAEiLD TOVG OGOV APOPE TO GYNLLO.
To melonhektpikd Pavopevo avakalvednke and tovg Jacques kou Pierre Curie to
1880 kot éxtote mEeCONAEKTPIKE VAIKA XPNOLLOTOLOVVTOL GE TANODPOL EPAPLOYDV.
Tétown eivon evepyomomtég (actuators), awoOntipeg, mnyég evépysag Kot LVYNANG
tdong, meloniekTpKol Kvntipes, cvoThata eA&yyov Bopvov Kot Kpadacudv, 6N
Bropnyavie. mAnpoopikng (pordyw quartz ywr v mopay®Yn TOAUDV 1 GTOVG
okAnpods diokovg), otn Prounyavio HOVGIKGOV opydvev (Hoyvinteg opydvav Kot
pkpoQova) kKot ot Propnyovio totpikng (Tapakoiovdnon mieong Kot TOAUDY,
ATEIKOVIOT VIEPNX®V UETAED GALDV).

Onwg avoaeépbnke, 10 UA9 project emkevipdvetonr ot YpNOYLOmTOinom
melonlextpik®dy actuators (evepyomomtdv) 61O YOVIOUETPO Kol O £K TOVTOL &ivat
YPNOO VA TOPAOECOVE PEPIKES TANPOPOPIEG CYETIKA LLE OVTOVG.

To éppeco melonlektpikd @avOPEVO, KATA TO Omoio €va MAEKTPIKO epébopa

HeTOPAAAEL TIC O100TAGES TOL TECONAEKTPIKOD VAIKOV, £YEl OC OMOTEAEGUO TNV

*PZT givar 0 ynuucdc tomog, 6mov to P avtimpocsonset to “Plombus”, dnladh Moivpdo.
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avamTuén mEeONAEKTPIK®OV EVEPYOTOMTOV Y10 TANOMPA EPapUoYdV. To TAEOVEKTNLA
ToVG givar 0Tt dgv amatoHV TOADTAOKO GYESLN KOl UTOPOVV VO TOPAYOLV GTIUOVTIKA
enmimeda dVVOUNG HE YPNYopn OmOKPIoN Yo YOUNAEG TACELS. YTApYouv TPEIS KUpLot
TOmoL: ot ypappikoi, otolfoypévol Kot E0KOUTTOL EVEPYOTOTES.

Ot ypopmkoi evepyomomtés (linear) eupaviCovv  ypopuikny  mopopudpemon
avaAoywkd pe v epappolopevn taon. Onwg eaivetar oto Xy. 1.10, n mapapdpewon

ovpPaivel toco otov X 660 kot tov Y a&ova.

Positive (+)

y 4
o o

Negative (-)

Xyfqpa 1. 10: I'pappikédg evepyomomntig

Ot storfaypévor evepyomomtés mTorhdV otpopdtov (stacked multilayer) on’ mv
AN, elvar ypappwol evepyomomtéc koAAnuévor o évag mave otov dAro. To
TAEOVEKTNUG TOVG gival OTL evd M epapurolopevn tdon eivar 6on o€ &vav amAid
YPOUULKO €vepYOTOMTH, N TOPOUOPP®ON &€ivar 1o @Opocpo Yoo OAOLS TOVG
otolPaypévoug ypapupkovs. Iapadeiypatog xdpv, av o otolPayuévog amotereiton
and 10 ypappkovg, n mapapopemon tov Ba eivar 10 popég avtn Tov evOog YPapKoD.
Téhog, ot gokapmTor evepyomomtés (bender), dnwg vmovoei to dvopa tovg, Avyifovv
avoloyikd pe v Ttéomn. AmoteAodvial amd OVO OTPOUATH UE avTifeTeEG (QOpPES
mopapdpemons. Xto Zy. 1.11 ogaiveton éva tétolo mopdoetypo. H pmie ypopun
Swywpilet Ta 600 oTpOUATO Kot Elval oTNV TpaypaTikdTnTo T0 onpeio yeimong. Otav
epappoletar tdon, €€’ attiag e avtioTpoEng TOMKOTNTOS TOV dVO GTPOUATOV, TO
€vo, OLOOTEAAETAL EVAD TO GAAO GULGTEALETOL, WLE OMOTEAEGUO O EVEPYOTOUTNG VO

Ayilet.
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V(-to+)

Yympo 1. 11: Bender gvepyomowtilg

H expetdAlevon tov melonAeKTpIKOV LVAIK®OV TPOGEEPEL TOAAG TAEOVEKTNUOTA,
®oTO00 Kovelc mpémel va AouPdvel vwOYN TOL Kol TO 1O10UTEPO PAVOUEVA TOV
eppavitouv — dkd avTd TG LOTEPNONG Kot ToL pmucpoV. Ola ta melonieKTpikd
VAKG ep@aviCouy pio Unyoviky votépnorn Kabmog 1 mopapdpeoon dev akolovbel
aKkpImg ™MV eOpTIon Kot amopdption. Exepdletor g T0G06TO KOl avTUTPOs®TEVEL
TO OMOTEAEG LA TNG daipeong HeTaED HEYIOTNG TAPAUOPP®ONG Kot HEYITTNG O10pOopdig
ToV 600 povomatidv (0mwe @aivetar 610 Topddetypa tov Xy. 1.12). H votépnon
e€aptatar and to €id0¢ Tov Kepapkob kot uropei vo kopoaiveton peta&d 4% ko 20%.
AT Vv GAAN TAELPA, 0 EPTLOUOG LETAPPALETAL (OC 1] GLVEYLCT) SIUCTOANG TOV LALKOD
vy éva pikpd ddotnua aeod eoptiotel. Aviiotoryo, T0 VAIKO 0ev EMCTPEPEL OTNV
apyK To0v Kotdotaorn Otav amo@optiotel. O epmucudc LeTplétanl 6e deLTEPOLETTA
KOl 0LVTUTPOGMTEVEL TOV OTTOLTOVUEVO YPOVO Y10 VO PTACEL TO DAMKO GTNV TEAIKY| TOV

KOTAGTOOT).

Strain

=
Electric field

Tyfqpa 1. 12: Tomki ypo@ikl) TapdeTtact) veTépnong

Ye autd 10 onueio kpiveTol GKOMUO TO POIVOUEVO OVTA VO AvOAVOOVY S1EE0OTKAL.
[24][25][26]

34



151 Dawvduevo votépyong

H ¢@bon tov melonAhektptk®v VAMK®OV givatl AppnKTo GLUVOESEUEVT] LLE TNV CNLOVTIKN
TOGOTNTO NAEKTPIK®OV HTOA®V 6T0 €0MTEPIKO TV VAKAOV. To dimoAio eivar éva
OLAVVLG LA, CUVETTMG £XEL KOTEVOBLVON KO T GOUPMOVO LLE TO POPTIGUEVO COUOTIOW
YOpw Tov. Otav dimora givor Tomobetnuéva to £va dimia 610 GAAO TEIVOLV Va. £YOovV
v 0o katevbvvon kot cuvolikd oynuatifovv meployés pe o ovoua “Weiss”. Ot
TEPOYES OVTEC Yevikd elvar tuyoio mpoocavatoMouéveg oAAG  pmopohv v
gvbuypapotovy pe v mpoavopepbeioa dwadikacio poling, kotd v omoia éva

1oYLPO NAEKTPIKO eSO £PapPUOLETUL GTO DAMKO.

To o@oawopevo g votépnong Pruo-Prpa eivor 10 €€nc. Apywd, Otav dgv
epopuoletar Taom, oL PEPPONAEKTPIKES TEPLOYES Eval TVY IO TPOGAVATOMGUEVES KO
n mworwon eivaw 0 (onmueio O). KobBodg to medio av&dveton, ot meployég
mpocavatoAilovial oty KateLhLVEN TOL TESIOV Kot 1) TOAMOT AVEAVETAL YPOLLUIKA
apyikadg (tuqpa OA). Kabobg 10 medio avéavetor emmiéov, OM0 Kol TEPLGOOTEPEG
TEPLOYES TPOGOVOTOALOVTAL, 1 KOUTOAN YIVETOL UN-YPOLLUIKN Kot TEMKE OTav OAES Ot
neployég mpooavortorilovial, N mOAwon yivetar péyiotn (onueio B). H molwon og
avto 1o onueio (Py oto Xy. 1.13) avrimpocwnevet o tpunua OE ko kaAeiton wélwon
Kopeauod. AT’ avtd 10 onueio, av to medio peltwbel oTadlokd, N TOAWCN UEIDVETOL
aALd yopig va akoiovBel v 101 kapmoAn. H peiwon g méAwong ivor apyn
ddkacia, mov onuaivel 0Tt KaBvotepel oe Gyéon pe 10 NAekTpkd medio, KATL TOL
eaivetor oto tufpo BD. Otav 10 medio pndevileton, mopopéver g wocdTnTo
TOM®ONG, TO AEYOUEVO Katdloimo moiwong, mov aivetol oto tunua OE (Pr oto Zy.
1.13). T va eopaviotei, éva niektpikd medio avtifetng katevbvvong npémet va
epapuootel. H molwon undeviletar (onpeio F) otav to medio éxer tyun —Ec, mov
kaAeitow coercive field. Av 1o medio ovvegioer vo avédvetar oty ovtiben
katevBovvon mépav tov E¢, o meployég mpocavatoiilovior oy KatevBvvon tov
nediov Ko n wOAwon aw&avel kaBdg to medio avéavel, ot véa avtiBetn kotevbuvon.
H noéhowon yivetow péyom (moOlwon kopespov -Ps) oty avtifetn katevbuvon oto
onueio G. Av 1o medio emotpéyel oto 0, N KoumTOAN akolovbei o povomdtt GH ko
B vapyel KoTtdroro mOAwong -Pr (onueio H). Av 1o medio avénbei an’ o 0 mpog ta.
feticd, T0 Katdrowmo moOAwoNg egapaviletar otav to medio @thost v Tl +E..
[Tepartépm avénon tov mediov Ba odnynoel oto povomdtt EcB, kieivovtag o Bpoyo.

O xheotog Bpodyog ovoudleton kaurdiny votépnong (hysteresis curve).[27][28]
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Yyqpo 1. 13: TIMpng kopmvin vetépnong

1.5.2 @®awouevo eproouod

Ot 1d1eg 1010TNTEG LVAIKOV LTTEVOVVES Y100 TNV VOTEPNOT TPOKOAOVY KO TOV EPTLGHO.
Onwc avagpépOnke, o eprucpdg eival 1 HETABOAN G0N UETATOMION YWPIC avTicTo(
petafoin oy tdomn. Av oAAdEer m tdon Aettovpyiag, TO KATAAOITO TOAMONG
ocvveyiCer va petafdrietor, petagpalopevo oe petafoin g mapopdpeoons. O
puOudg Tov epmuoUOD peldveTon AoyaplBuikd pe to ypovo. To Zy. 1.14 amewovilel
™V TUTIKN omoKplon o€ Pnuatiky 0éyepon. Apywkd, otoav epapuoletal tdon, o
EVEPYOTOMTNG OLVTOTOKPIVETOL LE 0L SUVOLIIKT LETAPATIKT COUTEPLPOPE £VTOG Alywv
milliseconds axoAovBovpevn amd Tov EpTLGUO, TOV AMEKOVILETAL OC O TO apYN

oAioOnon og oyéon pe mpv. H oyéomn mov meptypdeet tov eprucpd eivar n e€ne:

L(t) =1L, [1 + ylogqo (ﬁ)] )
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omov L(t) eivor m petoromion yioo dedouévn o€yepon, L, €ivol pio ovOUOOTIKA
otabepd mov avtiotolyetl oty petatomion 0.1 S petd v epoppoyn Taong kot y sivot

o mapdyovtag eprucpod mov kabopilel to puOud Tov adyopibuov. [29][30]

L()a

—

—
creep response region

.

time (sec)

dynamic response region

Xyfqpna 1. 14: ®awvépevo epmocpov

1.5.3 Aoiréc évvoisg

Koatd ™ oyediaomn evog cvotpatog e melonAeKTpIKoVg EVEPYOTONTEG, 1| VOTEPT|ON
Kol 0 €PTUGHOG dgv elvar ot pdveg 1010t Teg mov AapPdvovor vedymn. Avtifétoc,
npémel vo. ANeBovv vToOYT Kot 1010 TES OTMG TO PELILAL OLOPPONG, 1| EUTEON OGN KO T
Bepuokpooio pepponiextpikng petapacng (ferroelectric transition temperature).

Ocov agpopd 10 pevpa dwapponc (leakage current), otav Aertovpyei kGt am’ ™
GLYVOTNTO.  GUVIOVIGHOV, €vog evepyomomtng Asrtovpyslt g mokveotg. H
YOPNTIKOTNTA TOV €€0PTATOL OO TNV ETPAVELD KO TO YOG TOV KEPAUIKOV, KOONDC
Kot T1G 1010TNTEG TOL VAKOV. [ Tovg oTotPaypuévoug, e€aptdtot eniong Kot omd Tov
aplBud 1oV otpopdteov. To mpaypatikd NAEKTPKd aviroyo evog melonAEKTPIKOV
gvepyomomtn €ivar 1 TopdAANAN chvoeon evog TUKVOTH Cyer KOU HLOG OVTIGTOOTG
Rycr- TOpoova pe o vopo tov Ohm, av V eivar n epapuoldpevn tdon, to pedpo

OloppOoNG 1600VTOL LLE:
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H nextpicn eumédonon (impedance) omd v GAAn givarl évo pétpo avtictoong 61o
pevUO. TOV TO KOKA®U Ttapovstalel otav epapuoletan téon oe avtd. Ilapiotdveron
o¢ Z kot glvor To pryadikd kAacpo g tdong pe to pevpa. H guméonon exepaletot
OG HYodKOg aptOpdc e TNV TOPaKAT® oYEon:
Z=R+jX,

OOV TO TTPAYHOTIKO HEPOS, R, aviumrpocsmnevel Ty avtictaon Kot 10 ovtaoTtiko, X,
™V avtiopoon.

Téhog, éva onuavtikd otoyeio eivar 1 Beppokpacio eepponAekTpikng petdpoong
(ferroelectric transition temperature). Avt) avturpoownevel v Bepuokpocio Tépa
am’ TV omoio TA QEPPONAEKTPIKA LAMKG YGvovv TNV oTtypaic. TOAMOY TOVG.

[31][32][33]

1.6 Eiwsaywyn oo LabVIEW

To LabVIEW c&ivor 1 ovviopoypopio tov “Laboratory Virtual Engineering
Workbench” kot givar o mhoteopua overtoypévn amd tv National Instruments. To
LabVIEW eivor amd ta mo dadedopévo meptpaiiovio ontikod npoypoppaticpov. H

yAdooo ovopdleton “G” kot ivon pia dataflow yAwooo tpoypoppaticpod.

To LabVIEW ypovoroyegiton and tn dekaetioo Tov 1980 kabmg apyikd kukAopopnoe
yw. Apple Macintosh 1o 1986. 'Extote, £xet e&elyfel xor mpocoppootel oTig
ovyypoveg avaykeg kKot mAéov mpoopépetol o€ Windows, Linux 1 Mac OS X, pe v

péyovoa £kdoon va gtvar n 13.

AvTtd OV JPOPOTOIEL TIG YADGGES OMTIKOV TPOYPULUATIGHOV €ivol OTL 0 XPNOTNG
onuovpyet mpoypappato xeplopevos oynpato avti yoo kodwo. H extédeon
kaBopiletar amd ™ doun €vOg YPOPIKOL UTAOK SL0yPAUILOTOS, TOV TTNYOI0L KMOKN
LabVIEW. To népaoua dedopévav péom koppav kabopilel tn oelpd eKTéAESN TOV
mpoyphupatoc. Avtd onuaiver 6Tt £vag kOpPoc Ba dpoporoynBet yio extédeon poévo
otav OAeg ot €l60d01 Tov TEPLEYoLY €ykupa dedopéva. O kouPog ektedeitar OTOTE
évag emeepyaotg ivor dnbéoyog. Otav ekteleotel o kKOUPOG, ot TIHEG oTIG ££600VG
tov yivovtal Swbéoiueg kot pEOLV TPOS TOLG KOUPOLG OTOVG Omoiovg eivan
oLuvOEdENEVEG. O TPOYPAULOTIOTNG UTOopEl Vo EAEYEEL TN GEPE EKTEALECT|C GLVOEOVTOG

o€ aAlniovyio kOpPovg pe ovuPatég e166d0vg Kot €E66ovg. H yAdooa G emtpémel
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gyyevag v mopdrnin emnefepyocio ko ekpetaAlederor avtopoto to multi-

processing kou multi-threading hardware pe tov built-in scheduler.

Ta Pacwkd dopkd otoreio Twv mpoypappdtov o LabVIEW kolodvron VIs®,
Mmopodv va mapopolactovv pe to. functions 7 subroutines dAlov ylwoodv
npoypappoticpoy. ‘Eva VI mepihappdver éva Front Panel, mov mepiéyer oia to
epyareion eléyyov ko deikteg, évo Block Diagram, to omoio givar 1o mAdvo tov
KOUPoV Kot ¢ petald tovg Kahwdimong, to swovidlo Tov VI kot to Connector Pane,
mov kobopiler to teppaTIKA cHvoeong €160d0v Ko €£ddov tov VI. 'Eva tumikd
napdaderypa eaiveratl oto Xy. 1.15. [34][35][36][37][38]

{3 Untitled 1 Block Diagram * =~ s lﬂlﬂlﬂ_hJ

File Edit View Project Tools Window Help
o> [ IEI|L’D|'E’ |15ptAppI\(at|nn Fmi- by |‘§) 1
|w True Vt
Mumeric
v
-
Boolean xy
. |> 2 E
=
| |

Block Diagram

File Edit Yiew Project Operate Tools Window Help HE
[S[60] ©[10] [15pt Apptction Font_~ | S [~ [ | [38 [- sever L | PJRIE P~

poto RN |

Connector

Boolean Pane

m

Ampiitude

Front Panel

Xypa 1. 15: Tomké mapaderypa VI

> To VI givon 1) suvropoypapio tov Virtual Instrument
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Awaroén & Yiiko

2KOTOG TOV KEPOAOIOL OVTOV €ivol va €1GAYEL TOVG AVOYVMDGTEG GTNV TEPUUATIKN

duaTaén mov avarTuyONKE KOOMG Kot TO LAKO OV YPNCULOTOIONKE.

To kepdroro Eekivd pe po avagopd 6To 6KOTO TG SATaENG, KOOGS Kol piot GOVIOUN
mEPLYPAPn NG kol okolovbeiton amd to state of the art avdroyov dwtdéewv
petpnoewv melonAektpik®v vAkov. H emopevn evomta elvar a@lepopévn otig
TEYVIKEG TPOJWYPaPEG NG Odtadng kot Tov VAKov. Téhog, ot Asrtovpyieg g

OITAENG TEPTYPAPOVTAL [LE AETTOUEPELD.

2.1 Eicaymyn otnv meipouotiky olatasn

Onwg avaeépbnke 610 TPOTO KEPAAALO0, 1M avamTuén Tov Tpotewvouevov oto UAI
Project yoviopétpov amattel v avamtuén evOg GLOTAUATOC TOV UITOPEL VO TOPEYEL
aVAALGN TOV YOPAKTNPLIOTIKOV TIECONAEKTPIKAOV DAIKOV.

It avtd 10 oKomd, N AvATTLEN EVOG EEEIBIKEVIEVOL GLGTNIOTOS TPOGAPUOGUEVOL
OTIC OMOITNOES OAAG KOl EVTPOCAPHOCTOV GE UEAAOVTIKEG €MEKTAGELS KpiOnke
amopaiTnen.

[Tepnmrikd, To cvoTUO amotedeiton amd S5 uépn: ™ wyyoviky oidraln, TV oraraln

700 KIVATHPA, TOVG 0loOntipes ko mepipepeiokes ovokevés, 10 PXI chassis xau
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modules kot 1o avertvyuévo oe LabVIEW loyiouixé. To tehevtoio kouupdri

KOAOTTETOL EKTEVDG 6T0 3° KEPAANLO, EVD TO TPAOTA TEGCEPA GTO TAPOV.

2VVOTTIKA, TO KEVIPIKO HEPOS TNG SLATAENS OMOTEAELTAL OO T UNYOAVIKT) O1ATOEN TOV
amoteleitar omd T Pon, Tig paPfdovg, Ta YoUNANS-TPPNG UTAOK, TO PPAYLOTO KoL TOL
edatiplo. (base, rods, low-friction blocks, locks kai springs), pépog tg owtaéng
kwnmpa (cepPokivnthpag, gearhead kot mepLOploTc Pomng) KabOMG Kot HEPIKOVG
tomofetmuévoug awoOntipeg (load cell, capacitive sensor). H tpéyovco didtoén

eatvetat oto Xy. 2.1

Piezo

actuator
Blocks

LQcks

Load cell —

el — aSprings

iBase

Typa 2. 1: Kevrpiko pépog g dratoing

Ot ep1pepelakéc ovokevég amotedovvtal amd to National Instruments PXI chassis
kot modules, mov dtooVVEEOVY TO AOYIGUIKO e TOVC atsbnTpeg, TV d1EyEPon TOL
melonAekTpikod oTOYEIOL KOU TNV AEITOLPYIOL TOL KIVNTNAPO, TOV EVICYLTH TOV
ocepPoxvnmipa, mov odnyel tov kKvnmpa Kot petappalet tig eviodés tov PXI og

TPAYUOTIKY KIVIOT), TOV YPOUUKO EVIGYLTH Yo TNV d€yepomn Tov melonAeKTPIKOD
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oToLYElOV, TOV UETATPETEL EVAL YOUNAO OO GE G0 KOTAAANAO Yo TNV S1€YEPOT) KO
TOVG VITOAOITOVG AGONTNPEG Ko TEPIPEPELKEG GLOKEVES (TO Capacitive measurement
system, mov petappalet Tig peTPNoELS Tov capacitive Sensor oe téon, TV TAAKETA Yl
™ pétpnon tov peduartog, tov evicyvth tov load cell, Tov acOnmpa Beppoxpaciog

KOl T EMLTOLVOLOUETPa). MEPOC avtdv paivovtal 610 Xy. 2.2.

MOTION R

TRACO
POWER

Yympoa 2. 2: Mieprpeperaxés cvokevéc- National Instruments PXI chassis kar modules (katm-apietepd),
EVIGYVTIG GEPPOKIVIITI|PO KUL TPOPODOGia TOV Py aviKeD PPEVOL (TAVO-UPLETEPG) KOL YPOUILIKOL EVIGYVTES
v Siéyepon tov meloniekTpkov oToyEiov KoL peTpiGELS Tov capacitive sensor(right)

2.2 State of the art

Kotd 11¢ mepacuéveg dekaetieg, n avdykn peAétng tov mECONAEKTPIKOV VAKOV
00N YNGE AVOTOPEVKTO GTNV AVATTUEN OVTICTOLY®V LETPNTIKAOV SAUTAEEWDV.

Ot mo ovvnbiopéveg datdéelg emtpémovy éva otabepd @optio va acknbel oto
melonAektpikd otoyeio. Kat’ avtd tov 1TpoOmO, Ol EMGTAUOVEG HTOPOVV Vo
UEAETNGOVV T CLUTEPIPOPE TOV GTOXEIMV GE GLYKEKPIUEVES GTAOES POopTiO KATM

and petafoAdopeveg  ovvOnKeg MAEKTPIKNG  O€yepons. Avtéc ot dwutdéelg
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ovoudlovtan “pre-stress” kot Ppiokovrar ota "PZT uniaxial stress dependence:
experimental results” twv Audigier et al. [39], "Characterization of multilayer
piezoelectric actuators for use in active isolation mounts” tov Wise [40] xou
"Characteristics comparison of piezoelectric actuators at low electric field: analysis
of strain and blocking force” tov Mekid kor Lim [41] peta&d dhiov. H migon
cuvnboc aockeitor yepokivinta pe €vo UmOvAOVL, pia péyyevn N GALO mapOUOl0
pnyoviopo. Avo  aéloonueiota  mopadeiypoto  Omov  YPNGLLOTOIEITOL  UTOVAOVL

Bpiokovtan oto "Extended Life PZT Stack Test Fixture” tov Badescu et al. [42] kot

ﬁ
3D View

oatvovtot oto Zy. 2.3.

Top housing
Load cell

Belville washers
stack
Washers cup

PZT stack

Base plate

Base plate
membrane

Sphere

Prestress setscrew

Bottom housing
Cross section
PZT stack /F’ZT stack
Prestress nut | E2%€ || washers WZshers Flat Adjustment
setscrew plate cup cup washer setscrew
Bottom Bellville

artar Bellville Top housing
cup washers

Membrane

Housing washers

Sphere

Yynpo 2. 3: Avgtaén Yo povi 6toifo PZT (ravo-apiotepd) kar drdtaén Yo 800 koivdpikéc PZT etoifsg
(rave-8g€1d Ko KGT®)

Mo e£€MEN avThg NG 10€0¢ Elvar 1 xpNom Kvntipo Yo TNV EQOPLOYN TG TESNC.
Mia tétola mpocéyyion eaivetal oto “Influence of uniaxial compressive stress on the
ferroelectric behaviors of piezoelectric stack actuators” twv Yang Gang et al. [43].

Mo dtopopetikry TpocEyyion oty doknon mieong eivar n xpnomn eEeldkevpéEvev
oepPoddpaviikdv Swtaéewv. Tétowa mapadeiypato vmdpyovv ota “Response of

piezoelectric stack actuators under combined electro-mechanical loading” tov
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Mitrovic et al. [44] (Fig. 2.4.) xou “Uniaxial stress dependence of ferroelectric

properties of XPMN-(1-x)PZT ceramic systems” twv Yimnirun et al. [45].

Tyfpa 2. 4: Instron 8516 ogpPoidpoviiko cvoTnpa

Téhog, pia mo eEelnuévn TPocéyylon oto mopamdve CRmuo mepthapupdvel v
euPobion tov meloniekTpikod otoyeiov Ge KATAAANAO VYPO Yo va amotpamel M
mBavotnTo NAeKTpKoy TOEOL LVYNANG Thong katd v Oyepon. Xto "Effects of
uniaxial prestress on the ferroelectric hysteretic response of soft PZT" twv Zhou et al.
[46] xpnowomomOnke fluorinert electric liquid (FC-40, 3M) (Zy. 2.50), evéd oto “The
effect of uniaxial stress on the electro-mechanical response of 8/65/35 PLZT” tov

Lynch [47] ypnowomomOnke silicone oil (Zy. 2.5p).

Force Force

Steel /‘—‘—‘{1’//
SllajGT{ Alumina | | v T
Electric ey 5 :
Equid_N_\ﬂ ‘;.E}ro;s e Strain Gauges
; =dys ‘—4: PLZT Sample
# — | Alumi — =
"E I umine I Oll Bath
2 E v = Alumina Spacer
’ g cPp i)
£30kV Steel 2 -
s
2 oocv M4
Force

Yympa 2. 5o (aprotepa) kot Zyfqpe 2. 5p (6&&rd)
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2.3 Teyvixég Ilpooraypapés

2.3.1 Munyovikny owarain

EEKIVOVTOG OT’ TNV UNYovoLoYIKn TAELpd TG d1dtaéng, Oha ta petaAlikd pépn sivot
KOTAGKELAGUEVA aTtO KPApa avoleidmto ataddl 316 ko avodiwuévo alovuivio. Avtd
givaw 1 Paon (base), ov papdor (rods), to pmroxk (blocks), ta @paypara (locks),
KaOMG Kol 0mo10dNTOTE GAAO HETAAAKO HEPOG TNG dtdtaéng. To avoleidwto artcdit
elvar yevikd avOektikd ota oféa dpmg cvykekpiuéva to 316 mpoopépel peyardrepn
dpovvo amévavtl 6To GOVAPOLPIKE, POCEOPIKA Kot Amapd o&éa, aAdelides, apiveg kot
Mmn, kaBdg kot kaAvtepn oavtictaon ot ofeidworn. To avodiwpévo arovpivio
Tapovotdlel kolvtepn avtictoorn oty dappwon og oxéon pe 1o amhd. [48][49]

To ghatipro (SPrings) sivan ptioypéva amd oidnpo pe otabepd k = 78 N/mm . Tt
dwtaén pog €xovpe 000 glatnplo TomoBeTUEVE TOPAAANAL TOV CMUOIVEL TOG M

160dvvaun otadepd ehatnpiov Tov cuempartog eival kg = 2k = 156 N /mm. 6

2.3.2 Awaraén kvyrijpo

O xwvntipog, To gearhead, o Teploptotc POmhg Kot 0 0oNYOS TOV KIVITHPO GLVOETOVY
mv dwtaén xwnmpa. O ogpPoxivnmipog sivor 1o poviého SANMOTION R
R2AA04010FCPO0M6 tng Sanyo Denki. IIpoketton yua éva 200 V AC cepPokvntipa
ota 100 W pe oravila peyébovg 40 mm?. ‘Exer 3000 RPM ovopactiky toyvnra,
6000 RPM péyiot toydmra meptotpoenc, 0.318 Nm ovopactikiy kot cvveyn stall
por) ka1 1.18 Nm péyiom stall ponr kabmg kot 24 V DC @pévo, battery backup
method absolute encoder, UL/CE éykpion kou reduction ratio ico pe 1/3.

O kwntipag odnyeiton and tov evieyvTi oepfoxivntipa g Sanyo Denki, povtélo
RS1A01AA. TIpokertan yuwo évo single-axis analog/pulse input type servo evioyvty,
tpopodotovpevo amd AC200 pe 230 V, rated ota 15 A. 'Exel wire-saving incremental

encoder kot battery backup method absolute encoder kot NPN selectable output.

O ogpPokivntpog Ko 0 EVIGYLTAG TOL Gaivovtal 6to Zy. 2.6.

® Tevikd, évo ovompo pe 2 ghatfipio mapdAinia, pe otadepéc ky ko k, €xel 160d0vapun

otaldepd ehatnpiov keq = kq + k5 . [50]
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Tyfqna 2. 6: Evieyutg oeppoxivntipa (apietepd) Kot oeppoxivntiipog (6eud)

O G&ovag tov kvntpa cvvdéetor oto gearhead 7 gearbox. H pomn €£6dov tov
KnTpo eivat yevikd yaunin kot yi” awtod 1o Adyo éva gearhead ypnoomoteiton yio
va avéndet n porn €€660v Kot va. petwbovv ta RPM. To cuykekpyuévo gearhead eivan
¢ Neugart, povtého PLPE 70 (Zy. 2.7) pe avaroyio i = 64 ' ko yopnio backlash.?
Ye aut TV mepintmon onuaiver 6t M péyom taydmra tov 6000 RPM tou
Kwnpo. meplopiletonl o€ Ny, = 6000/64 = 93.75 RPM, aAMd Towtdypove 1 pomn
eEddov, mov elvar amopaitnn otV Acknon mieong oto meloniexTpikd GTOLYE O,
aLEAVETAL ONUOVTIKE. XVYKEKPUEVA, 1| OVOUOCTIKY POTN YIVETOL T = Tporor * L =

0.318 - 64 = 20.352 Nm.

Yynpoe 2. 7: Neugart PLPE 70 prpootivij 0y (apietepa), Ticom (néon) kot sootepiki (8e€1d)

"H avaloyia opileton o i = Ny /Ngyr , 6TOL N givar 1 TadTNTO 08 RPM
® To backlash opieton mg 1 yapévn kivon oe éva pMyovicpd mov opeiletal o€ Keve HeTaEd

TOV pEPGV Tov [51]
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To televtaio koppdtt g didtaéng Kivnthipa, o meproprotiig pomig (torque limiter),
yvootog kor og overload clutch, eivor po cvokevn mov mPOOTOTELEL OWTOUOTO
otdnmote eivor ovvdedepévo oe avt) omd (NUId amd UNXOVIKY VTEPPOPTHOOT
amoGLVOEOVTAG TOV 0dNY6 amd 10 Poptio. [52] O cuykeKpIUEVOS TEPLOPIOTNG POTTNG
givar ™c R+W, povtého SK2/0030/087/W (Zy. 2.8). Ilpoceéper mpootacio
vrEepPOpTOONG LVYNANG oaxpifelag, eivon omdivto backlash-free kot emvyydvel

amocvvdeon péoa o€ 1-3 milliseconds.

Tympa 2. 8: R+W SK2

2.3.3 AweOntijpes Kot TEPIPEPEIOKES CVOKEVES

[ToAd onuavtikés otn SdKacio YopaKTNPIoUoD £ival Ol HETPNGELS TOV YWPTTIKOV
atcOntpa (capacitive sensor). T'o va AngBodv, mépav tov achnmpo amapaitnto

elvon ko To capacitive measurement module.

O capacitive sensor gival katackevoopévog and v Fogale ko eivor o MCC-10. To
gopoc pétpnong eivar 0 pe 1.0 mm pe avéroon 0.4 nm RMS/Hz *. "Exet teyvoloyio
metal-resin, eivo moAv avBektikog kot avtéyel Oeppokpacieg péypt 200 °C.

Ta capacitive measurement modules eivon emiong g Fogale, povtéda MC900.
Ynrapyovv 3 idto modules oteyacuéva oe 600 Eeywpiotd 197 racks, kabéva pe v

tpoodoacio tov. To MC900 £yer gvpog €£6dov 0-10 V, mov cvvvmoroyilovtag To

gvpog 0-1.0 mm tov capacitive sensor, petoppdaletar o€ 100 um/v_
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Yynpoa 2. 9: Fogale MCC-10 cuvdedepévo oto MCI00 (aprotepa) kot drabéope modules (8£€1d)

O melonhekTpikol evepyomomTég YEVIKG avTEXOVV LYNAAQ €mimedD TAONG — Y. 1M
epappoyn 150 V dev gtvar acvviBiotn kot yio v akpifeta givar amopaitntn dote va
emtevyBel N puéyrom mopapdpemon. I't avtd to okond, givar avaykaio n xpnon £vog
EVIGYLTN TAONG, amopaitnTo Ypopupkov. Ev mpokeévm, o evioyvtig mov dieyeipet
ta meloniektpikd otoryeio ivar o Cedrat LA75B, poli pe to module tpogodociog
tov, LC75B (kou too dvo @aivovior oto Xy. 2.10). Zvykekpyévo, o LA75B sivar
OYEOGLEVOG VL 0O Yel yopnTikd Qoptio dnwg melonAeKTpIKOLg EVEPYOTOMTES LE
eEapetikd younAd 00pvPo. To gvpog e£6d0v tov givar -20/150 V, ko Bpicketar o€
éva rack pali pe tov AC/DC petatponéa tov LC75B. To LC75B AC/DC module
elvan oyedaopévo va mapdyst otabepornomuéveg DC thoelg, amapaitntes yo v
Aertovpyio tov evioyvtn. To péyioto peduo tov LA75B givar 360 mA. To képdog
Tdong Tov evioyvtn givar 20 kot ovTd oNUAivEL TOC AV 1) £160J0G GTOV EVIGYVTN gival

1V, t6te 0 evioyvc B 0dnynoet o meloniektpikd otoryeio pe 20 V.

Eyfpe 2. 10: Cedrat LA75B kau LC75B

49



Onw¢ oty mepinmtmon Tov capacitive sensor, £tot kot yio va Adfovue petpnoeis omo

to load cell tépav tov 16iov, amapaitnto sivar kat to load cell measurement module.

Ynrdapyovuv dvo dagpopetikd load cells avardoyog tic aviykes. To mpwro, Althen
ALF256DBROKN avtéyer 5 kN, eved to dAlo, Tedea Huntleigh Model No. 615,
avtéyel 300 kg. To Althen umopei va ypnoonombel povo oe cuvinkeg cvumieong,

evo 1o Tedea 1000 o€ Gupumieon 660 Kol 6 TEVIMUAL.

To load cell measurement module ce avt ™V mepintwon eivor to Althen SG-KP-

12E-420. Xvvdéeton oto load cell kot mpocpéperl avaroyikn é£o0do peta&d 0 kot 10 V.
‘Etol, omv nepintwon tov Althen load cell ota 5 kN, n avoloyio eivor 500 N /V'

Ymv mepintoon tov Tedea Huntleigh load cell ota 300 kg, m avaioyia

dwpopeaveral ota 30 kg/V ~ 294.2 N/V'

Tyfna 2. 11: Althen SG-KP-12E-420 (apiotepd), Tedea Huntleigh 615 (néon) kon Althen ALF256 (3gZid)

Yndpyovv 600 mavopoldtuna emxtavvelopeTpa (accelerometers) yuo v pétpnon
kpadaopmv oto mepiaiiov  pétpnone. Eivor katookevacpéva ond v PCB
Piezotronics, povtého 356B18. Eivar tpra&ovikd, vyning evoicdnciog, ceramic shear
ICP® emtayvveiopetpa, pe evoustnoio 1000 mV/g 102 mV/(m/s?) oto chotnua
SI, 0.5 g 3k Hz gpdopo cuyvotitov kat 4-pin couvdeon).

Yympa 2. 12: PCB Piezotronics 356B18 emtayvveiopeTpo
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To peopa (current) perpiéton pe pio mAokéto mov avortdydnke Paciouévn 6to
olokAnpouévo ACPL-C87B. To ACPL-C87B mpotiudton Otav amotteiton vynin
akpifelo kol emdekvoer Tponyuévn sigma-delta modulation teyvoioyia kot £0.5%
High Gain axpipela. ‘Exet 0 og 2 V ovopaotikd 0pog 16600 kot 1 GOhm gumédnon
€10000v. H mhaxéta ovuvdéetar otov oplotepd aKpodEKT Tov MECONAEKTPIKOD
EVEPYOTTOMTN Kol TopEYel amevbeiag petotpomy) Tov pedatog oe tdon. 'Etol av 1o

pevpa otV €icodo ¢ mhakétag eivar 1 mA, tote 1 £€£066¢ g Ba etvan 1 mV.

Téhog, Yo v pétpnon ¢ Beppokpaciog ypnowonoteitor évo PT100 resistance
temperature detector (RTD). H pétpnon g Oeppokpaciog pe éva RTD emtvyydveton
ovoyetifovrag v avtiotaon Tov RTD ctoygiov pe m Oegppokpacio. To PT100 sivor
an’ ta TAéov dwadedopéva RTDS kot eivan gtiaypévo amd kobapn mhativa (€€ ov Kot
10 Tpdbepa ‘PT’) ko éxel ovopaotiky avtiotacn 100 Ohms otovg 0 °C (€€ ov kot 1
katdAnén ‘100°). Onwg 6ia tao RTDS, to PT100 éxet mpoPAéyiun petaforn otnv
avtiotaon tov kobnc aAlaler n Oeppokpacio kol axpiPdg avt N WOWOTTA TOL
ypnowonoteitor yoo tov kabopiopd g Beppokpaciog. H evoicOnoio evdg kotvod

PT100 &ivon 0.385 Ohm/°C. [53]

2.34 ZXvornua PXI

H televtaio kot mo oNUOVTIKY TEPLPEPEIOKT cLOKELN €ivar To cvotnua PXI g
National Instruments. To PXI npoépyeton and to PCI eXtensions for Instrumentation
kot givor pee modular instrumentation miotedppa mov ewofydn to 1997 amd v
National Instruments (NI). Xpnowonotgitor wg Paon yo TEWPAPOTIKES SLATAEELS,
GLGTNLLATO CVTOUATIGHOD KoL EPYASTNPLOKE Opyove LeTa&h GAA®DY Kot TO YEYOVOG OTL
eivaw modular emtpéner peyddn evedéio. Ilaveo omd 1150 tomor modules omd
olqpopec etaipeieg eivon Olabéopol Ko pmopovv vo evoopoatwbodv oe €va PXI
chassis. I'o v €£ac@dAion SHAEITOVPYIKOTNTOG KOl CUUUOPPOONG UE TO TPOTVTA,
10 PXI ypnoponotel teyvoroyia Basiopévn oto PCI kot 1o fropmyovikd mpdtumo g
PXI Systems Alliance (PXISA). Kdamov 1o 2004, n PXI Systems Alliance evékpive
v mpodtaypaery PXI-5, mov kabopilel twg umopei va evoopotmbel to PCI Express
ot0o PXI dwamnpadvtog v coppatdmta mpog ta Tiom. AVTd 001NYNGE GTNV EIGAYOYN

tov PXI Express hybrid slots, mov vrostpifovv t6c0 PCI 660 ko PCI Express. [54]
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Ev mpokepéve, 10 ovotnuo PXI omoteleiton and éva PXI-ready chassis, éva
kevtpiko controller kou o extension modules. To chassis sival n payoxokaAid Tov
PXI ocvompotog apod Tposeépel TV Tpo@odocio, YHEN Kot A0S ETKOVAOVIOG
yw. PCl wxor PCl Express otov kevipwcod controller kou ota didgpopo extension
modules. O kevipikog controller givar évag vyning amddoong embedded controller
mov eCaleipet v avdykn v e€otepikd PC, kabdg éva mAnpeg ocvotnua
nepilapPavetar oto PXI chassis. Ot evoopotopévol controllers éyovv standard
yapoktplotikd 6mwg integrated CPU, okAnpd dioko, pviun, Ethernet, video, serial,
USB, kot GAAec mepipepelakéc ovvdcoels. Téhog, extension modules pmopodv va
mpootefovv og €va cuoTnUa Yo va ovénbetl 1 AsttovpykdtnTa ToL TAPEXOVTAS T.Y.

€16000V¢ Kot €£0000¢ Yia dtacvvdeon pe aodntipeg. [55]

To chassis ov mpokepévn mepintoon givan to NI PXle-1078. TIpoketton yo 9-slot,
3U PXI Express chassis 6mov oto mpmdto slot torobeteitar o kevrpikdg controller o
To vEOAowTa givorl dabéoa yio ta extension modules. Xvykekpipéva, mpooeépet 5
hybrid slots (slots 5-9) kot 3 PXI Express slots (slots 2-4). ITepiiappaver built-in
timing ko synchronization features copnepthapfovouévav 10 kot 100 MHz reference

clocks kaBdc ko PXI trigger bus. 1o Zy. 2.13 @aivetal 1060 yepdto 660 Kot GoELo.

Yynpo 2. 13: Tepdro kor Gdgro PXle-1078 chassis

O kevrpwkog controller mov Bpicketar oto npdto Slot eivar o NI PXle-8133. Eivo
eEomMopévog pe évav quad-core Intel Core 17-820QM mov Aettovpyei ota 1.73 GHz
kot 3.06 GHz o¢ single-core Turbo Boost mode, 2GB DDR3 1333MHz pvrung ram
kot 200GB oxAnpd dioko. Emiong éxel dvo 0vpeg 10/100/1000BASE-TX (Gigabit)
Ethernet, 4 Hi-Speed USB, ExpressCard/34, GPIB, serial, DVI ko1 external trigger.
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‘Exet dVo Aettovpyikad eykateotnuévo - Microsoft Windows XP kar NI LabVIEW
Real-Time. H dwgopd eivar 6t to NI LabVIEW Real-Time eivar real-time
Aettovpykd GVGTNO, TOV OMUOIVEL TOC €IVOL GYEJIAGIEVO VO TPEXEL EQUPUOYES LE
oA okpiféc timing ko peydAn oaflomortio. Avtd givar TOAD onNUAVTIKO 6€ €va
GUOTNUO UETPNOEMV OTMG TO OKO HOG Kol 1 avoykotdtnTtd Tov Oa pavepmbel oto
emOUEVO KePdAato. Agttovpyikd cvothiuoto omwe to. Windows givar oyedlacuéva yio
VO OVTOTOKPIVOVTOL GTOV YPNOTI OKOUO Kot OTaV TPEXOVY TOAAL TPOYPALLUATO KoL
vrnpeoieg (Swwoporiovtag ootnta), eved real-time Aettovpykd eivor oyxedioouévo
Yo vo, Tpéxovv Kpiotpeg epapuoyéc allomoto kot pe akpiBéc timing (divovtag Pdon
ot mpotepodTeg Tov  Tpoypappotioty). To NI Real-Time Hypervisor
ypnowonotel virtualization teyvoloyia yioa va tpéyer to NI LabVIEW Real-Time
napdAinio pe ta Windows XP, a&loroidvtog to real-time processing pe to ypogiko
nepPdirov kot Tig vanpeoieg tov Windows XP. [56][57] To PXle-8133 gaivetot oto

>y, 2.14.
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Téhog, Ta extension modules cuvoyilovtol otov axdAovbo Tivaka:

ApOpég Slot Module Xpnon
2 PXle-4357 + TB-4357 PT100 temperature sensor
3 PXle-4496 Accelerometer sensors
5 PXI1-4461 Load Cell and current sensors
7 PXle-4330 + TB-4330 Strain gage
8 PXI1-7841R + SCB-68 FPGA module for motor control
9 PX|-4461 Capacitive_ sensor, piezo excitati_or_1 _signal
(generation kou feedback acquisition)
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To PXle-4357 input module mpoc@épel evoopatopévy Aqyn dedopévov Kot
signal conditioning yiwa petprioeig pe RTD. Ipoogépetl 20 kavaiio kot £xel TEVTE
24-bit delta-sigma analog-to-digital converters pe anti-aliasing xot low-pass
QIATpa Yo peyolvtepn akpifeta, kabhg Kot puOuovg derypoatoinyiog péypt 100
S/s ava kavai oe high-speed mode 1 1 S/s pe tvmikn axpifelo petpnoemv 0.09
°C og high-resolution mode. Yrootnpilet 2-, 3- | 4-wire RTDs. To emumpocheto
TB-4357 civan évo. front mount terminal block pe cvvéeoudémrTa pecw screw
terminal yw to NI PXle-4357. O cvvdvacuog tovg eaivetal oto Xy. 2.15 kot

ypnoonoteitor yia tig perpnoets and tov PT100 cwsbntrpa Oeppokpaociog.

Yympoa 2. 15: PXl1e-4357 (rave-apiotepa), TB-4357 (mavo-de€1d), TB-4357 cvvdedepévo oo PXle-4357
(kaTo-aprotepa) kot TB-4357 sootepukiy oyn (katm-dg&rd)

To PXle-4496 eivon éva data acquisition (DAQ) module vyning axpipetoag educd.
OYEOGLLEVO Y10 TTOAVKAVOAES MYNTIKES Kol epapuoyés dovnong. [lpoceéper 16
€16000v¢ pe puiud derypotonyiog wg 204.8 kS/s, pe 24-bit resolution ADCs pe
114 dB dvvaukd edpoc. Xpnowomotei delta-sigma modulation yw A/D
conversion. Avtd onuoivel To¢ eQoproleTol vIEPSEYHOTOANYin ota deiyuata
ov AapPdvoviot eved petd epapudletal oe avTd Eva yneako GIATpo, £XOVTG ¢
amotéAecpa EQUPETIKN YPAPMIKOTNTO @dong dwtnpdviag To 00pvfo kol Tig
TOPOLOPPMOCEL; GE TOAD YoUNAd emimedo. Xpnowyomoleitor yoo T ANym

dedoUéEVMV O’ TOL EMTOYLVGLOUETPO Kot omelkovileTol oto Xy. 2.16.
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Syfpa 2. 16: PXle-4496

To PXI-4461 eivon évo data acquisition module vyming axpifelac. ‘Exer dvo
avoroyikég €£6dovg pe puBud derypatolnyiog og 204.8 kS/s, software-
configurable AC/DC coupling kot IEPE conditioning, 24-bit resolution ADCs ka1
DACs pe 118 dB dvvouiko gdpog, variable anti-aliasing ka1 anti-imaging ¢iitpa,
6 emoyéc k€pdovg €10600vg peTasy £316 MV kot +42.4 V kon 600 avaroyikég
e106d0vg pe puopd derypatoinyiog péypt 204.8 kS/s. Onwg kot to PXle-4461
ypnowomotel delta-sigma modulation téco o11¢ £16660V¢ 660 KAt 6TIg €£000VG.
Yrdapyovv dvo tétotor modules oty d1dtaén pog - To TPMOTO YPNCIUOTOIEITAL Y10,
T1g petpnoelg load cell kot pedpatog kot To GAAO Yo TIG LETPNGELS TOV Ccapacitive
sensor kot t Oonuovpyio. kor Afym feedback tov onuatog Si€yepong Tov

melonAekTpikov otoryeiov. Anewkoviletal oto Xy. 2.17.

YyfAna 2. 17: PXI-4461

To PXle-4330 éyel oktd kavdaia pe 24-bit analog-to-digital converters (ADCs)
ava Kavai ko 25 KS/s puOud derypatoinyiag. T v agaipgon tov Bopvpov,

kaO0e module mpoopéper anti-aliasing kot ynoeaxd @iltpa avé kovail. Kabe
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KaviA Tpoopépel mpoypappatiiopevn 0.625 wg 10 V tdon diéyepong yia to
strain gage. To PXle-4330 cvvodevetanw and to NI TB-4330 front-mounting
terminal block, mov dievkodvver ™ dwwoHvdeon. O cvvdvacpog PXle-4330/TB-

4330 ypnoyLomoteitol yio Tig LETPNGELG TOV Strain gage xot gaivetor oto Xy. 2.15.

o Télog, 1o PXI-7841R eivar évo multifunction reconfigurable I/0O (RIO) module pe
user-programmable FPGA chip yw on-board processing kot /O gveh&io. OAn 1
avoloykn Kot ynoewkn Aettovpywkotro pvBuileton pe to NI LabVIEW «ot 10
LabVIEW FPGA Module. 'Exyet 8 avoloyikég €16000v¢ e aveEaptnTovg pubpovg
derypatornyiag péyxpt 200 kHz, 16-bit resolution kot £10 V €0pog, 8 avaroyikéc eE0d0vg
pe pvOud avavémong uéxpt 1 MHz, 16-bit resolution kou £10 V g0pog €£660v ko 96
YNOWKES Ypouués pubuloueveg o¢ €160dovg, €£0dovg, HeTpNTEG, N GAAN AOYIKN UE
pvOuove wg 40 MHz. To PXI-7841R ypnowomoteiton g cuvovaocud pe to NI SCB-68
connector block, mov mpoogéper screw terminals yioa edkoreg /0 ocvvdécelg. O
ovvdvaoudc PXI-7841R/SCB-68 ypnouomoteitar yioo tov £Aeyyo TOL KWvnThpo Kot
amewkoviletar oto Xy. 2.18. Xvykekpyiéva, mpoceéper 3 ave&dptnteg Asttovpyieg:
Aertovpyel Tov GEPPOUNYOVIGUO KOL TO UNYXOVIKO QPEVO TOL KIVNTHPO, EVEPYOTOLOVTOGC
o000 ynowokéc €EO600VC KOl EAEYYEL TNV  TOXDTNTO TEPIOTPOPNG TOVL KWNTNHPO

petafaiiovtog po avaroytkn 6060 OV TPOPOSOTEL TOV EVIGYVTN GEPPOKIVITIPA.

Yympe 2. 18: PXI1-7841R (aprotepd) ko SCB-68 connector block (d&&ua)

Ocov agopd tn Aewtovpyio. Servo, uw ynelokn £Eodog tov 7841-R/SCB-68

TpoPodotel TV avtictoyn €icodo tov RSIAQLAA servo evioyvt. O Kwvntipog dev

Aertovpyel pe ) Aettovpyio SEIVO omevepyomomuévr, OmOTE TO VoL £XOVUE QLT TN
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Aertovpyia Eexwprotd amd v puBuon g TaxdTNTOC YPNOIUEVEL Yo TNV OTOPVYN
aKOVGLOG AELTOVPYING TOV KIVNTHPA.

Oocov agopd t0 uNyovikd @pévo, Kot ovtod eAEYxeTol amd o yneakn ££000 TOv

7841-R/SCB-68. Xe avti v mepintwon OUmG TO0 PELUO Kol 1 TACT TG YNOLOKNG
€€OG00V dev MTOV OPKETA YO VO AELTOVPYNGOLV TO GPEVO. ZOUGOVO HE TIG
TPOJYPOUPES TOV KATACKELAOTN, TO UNxavikd epévo amortel 24 V DC tdon pe 270
MA peopa. I'a va emepaotel 0 eumdolo, ypnoporomdnke eEWTEPIKN TAAKETO e
niextpovouovs. H mhokéta cuvdéetar avaueso oto 7841-R/SCB-68 kot tov evioyvn
oegpPokvnmipa. O nhektpovopog eréyyetat omd pia ynoeakn é£odo tov 7841-R/SCB-
68 kot 6tav omhotel, mapéyel 24 V DC oty €16050 TOV QPEVOL TOL EVIGYLTH TOV
ocepPoxvnmpa. Avti 1 téom mpoépyetan amd po eEmtepikn tpopodocia 24 V DC
ota 2300 mA. H mhakéta pali pe mv e€otepin myn 24 V eaivovtan oto Xy. 2.19.

Yympa 2. 19: Mhokéto nAeKTPovopov Kal eEMTEPIKN TPOPOOGia YLu TN AEITOVPYIX TOV PPEVOD

H taydmrto mepiotpoenc Tov Kivntipo eEAEYYETOL Ao Lo avaAoyiky 5000 Tov 7841-

R/SCB-68. H avoloywkn £060¢g éxetl €6pog Tidv peta&y -10 V kot +10 V pe 16-bit
resolution. ‘Evog 16-bit axépotog pmopei vo amodnkevoer 2'° (1} 65,536) dokpriég
TIéC. X unsigned avamapdotaot, avTég ot THéG eivar ot aképoatot 0 puéypt 65,535 kot
G OVOTOPAOTOCT CLUUTANPOUATOS TOV 000, ot mBaveg THEG elval petalh —32,768
kot 32,767. Avtd onuaivel 6t 6tav 1 embounty €£odog eivar -10 V, n tun mov

TEPVIETOL TNV ovaloYikn €000 mpémet va etvan -32,768 kot 6tav 1 embBountn £€£000g
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elvon +10 V, n mywn mpéner va eivan 32,767, pe OAeg TIC EVOLIUECEG TUUES VO

UETOPAAAOVTOL YPOLLLUKAL.

2.4 Aeitovpyikn avaiveny

H dibtoén pmopel va ektelécel 1060 PETPNOELS EPTVUGLOL OGO KOl VOTEPTONG E Lol
TANODpa ETAOYDOV.

Mo va ektelectohv LETPNOEIS EPTVGUOV, OV TPEMEL VO AGKEITOL eEMTEPIKT Ttieon
oto meloniektpwd otoyelo. Ilapott  Té€toleg  petpnioelg umopovv  vo
mpaypatonomBodv oty SATaEN TOv EYEL TAPOVGIOCTEL, Lid devTEPEVOLGA dLATUEN
(Zy. 2.20) mpotdTor KobOMG TPOGPEPEL EVKOAOTEPT KOl YPNYOPOTEPT TOTOOETON

Tov TECONAEKTPIKOV GTOLYEIOV.

Yympa 2. 20: Asvtepedovoa drataln Yo peTpriosig eprucpot (epreTepd) Kar Kovivo g drataéng pe Tov
capacitive sensor kot to meloniekTpiko otoryeio TorodeTnpéva (de€1a)

H #poavagepbeica  devtepgvovca  ddtaln  Aettovpysl  otepedvoviag  TO
melonlextpikd otoryeio ot Paon tov. O capacitive sensor tonobeteitol Tave amd o

otoyyeio Ko 0tav epappdletor Tdon oe avTo, 1 AmOoTUoT HETASD TOV AV PEPOVG
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TOV oOTOlEiOV Kot TOL capacitive sensor petafdrieTor Kot ovTH 1 UETOBOAN
aypodotifetor amd tov capacitive sensor. T'a va Tpoypotonocovpue £va TeoT

EPTMLGLOY, 1 O1€yepon Tov oToyeiov akolovbel T popen Tov Xy. 2.21.

Tyfqpa 2. 21: Mop@1 KUpoTopopeng d1€YEPoNS GTOLYEI0V Y10 TEGT EPTVGIOY

H gpappoldpevn thon evarlrdoocetor peTald g EAAYIOTNG TYUNG KOt HOG OAOEVA Ko
avéovopevng oe kéBe Ppa péypt vo emrevyBel M péyrotn embBopnty Tywn. H
dwdkacio tote emavaAapPAaveTor ovIioTpoea — M Tdon evaildooetal Heta&d Tng
HEYIOTNG TIUNG Kol pog oAogva kot eBivovoag oe kdbe Prpo péypt vo emrevydel n
apykn erdyrotn . O opBuog Pnudtov, n péylom) Ko n eAGyoTn Taon Kot 1M
ouwgpkelr kKabe Prpatog elvor mopduetpol mov pmopodv va puOpicTodv TP TV
EKTEAEDT] TOV TECT £PMLGUOV. ['evikd, N dbpkela kdbe Prinatog etvar oyetTikd peydn,
MOOTE M TOPAUOPP®OT Tov TECONAEKTPIKOV oTorKEiov va €xel ohokAnpwbOel mpv
TPOYMPNGOVUE GTO EMOUEVO P L.

Ocov apopd ™ HETPNOT NG VOTEPNOGNG, TPOCPEPOVTINL OVO TPOTOL EKTEAEOTG, O
otoTikog (static execution mode) kat o duvaukog (dynamic execution mode). T to
1e6T voTéPNong, Uovo 1 Poaocikn dwdrtaln mov €xel mapovoilaotel (Xy. 2.22)

YPNOLOTOLEITOL, OTOV T TECT ACKEITAL LEGM TOV KIVITHPOL.
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Yympo 2. 22: Kopra drataén (aprotepd Kot KEVTPO) Kot KOvTivi) 6y Tov mielonleKTPIKOD EVEPYOTOUN|TY) KOt
Tov capacitive sensor (8e&ud)

210V otatiko TPOTO €KTEAEONC, TO pUNYovikd eoptio opiletal mpwv TN Si€yepon Tov
meConAekTpKoy 6TolYEloV Kot Tapapével otabepd kab’ OAN TN didpkela Tov 1eoT. H
tdon Siéyepong umopel va opiotel elte o po otabepn TN N GE U TEPLOSIKN
KOUOTOHOPON (NULTOVOEIONG, TPLYMVIKY, TETPOYOVIKY 1| TPLOVOTH) UE TOPUUETPOVS
nov kafopilovtar amd Tov ¥pNoT.

210V dvvoko TPOTO EKTEAECNG, TO UNYAVIKO POpTio HETAPAAAETOL KOTA TN O1dpKELD
TOV TECT, UE TN UETAPOAN VO TOPOUTEUTEL OE TPLYOVIKN KUUATOUOPON HeTald piog
Mot Ko pag péytotng Tung eoptiov. Kot wéd, n tdon diéyepong pmopet vo
oplotel gite oe pio otadepn Ty M 6€ o TEPLOSIKT KUUOTOROPEN (NLLTOVOELNC,
TPIYOVIKY, TETPAYOVIKN) N TPOVOTH) e Tapapuétpovg mov kabopiloviar amnd tov
ypnot. Mo e Aetrtovpyio. oTOV OLVOLUKO TPOMO EKTEAEONG TOPEYXEL TN
dvvoTdTTO VO LETARAALETOL TO PUNYAVIKO QOPTIO Kol 1 TAGT OEYEPONG TALTOYPOVOL
Kot e v 101 cuyvoOTNTa.

TéNog, T0 AOYIoKO TTapEYEL TN dVVOTOTNTO TPOPOANG TOV YPUPIKMOV TOPUCTACEDV
TOV 0EO0UEVOV, TNG AVTONOTNG HETEMEEEPYOUGIOG TOVG KO TNG OQVTOUATIG TOPAYWOYNG

avaeopdv. Oleg o1 Aettovpyieg Tov avaidovTol 6To ETOUEVO KEPAANLO.
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Avaivon LabVIEW

2KomOG TOV TOPOVTOS KEQOANIOV €lval 1 EUTEPIGTATOUEVT] OVOAVGT TOV AOYIGHIKOD
nov avortvydnke oe LabVIEW. ZEekivovtag og pio elcaymyn otic Baotkés doukég
évvoleg mov  ypnolpomombnkav, ocvveyilovpe pe TNV AVOAVLOT TOL  KOOWKO,

€0TIALOVTOG OTIC TPOYPOUULOTIOTIKES TPOKANGELS TOV TPOEKLYLV.

3.1 Baoikés douikés évvoieg

Yndpyovv moléG mpooeyyioels 66ov apopd tov mpoypoupaticpd oe LabVIEW. Ze
avtn ™V mepimtoon, 1 apytektovikny pe State Machine xar Functional Global
Variables (FGVs) amotéleoce axpoywviaio Ao otnv vAomoinon tov TpoypaupoTog

Kot yuo avtd 10 AOY0 ot TpoavapepOeiceg £EVvoleg ovaADOVTOL TOPOKATO.

3.1.1 State Machine

H oyedioon pe state machine eivar moAd dSwdedopévn oto LabVIEW ko
ypPNOoTolElTOL Yia TV VAOToinom kdbe aiyopiBuov mov pmopel va meprypoapel amd

éva ddypappo kotootaoemv (state diagram) v duaypoupa pong (flowchart).
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‘Eva state machine amoteleital amd £va GET KOTOOTACE®MY KOl U0 GLUVAPTNOT TOL
KkaBopilel v emoduevn Katdotaor. Mia kotdotaon pmopet va odnyel o€ pio 1] TOAAEG
KOTAOTAOELS 1| Vo OAoKANpdveL v pon emetepyaciag. H emdpevn katdotoon
kabopiletar amod input tov xpnotn 1 in-state vroloyiopove.

‘Eva state machine amoteleitotl and to axdAovba cTotyeio:

e While loop — Extelel cuveymg Tig S14POpPES KATOOTAGELS

o Case structure — ITepiéyet £va case yio Kabe kaTdoToon Kabdg Kot ToV KdOuKa,
oL eKTEAEITAN GE KAOE KaTAOTOON

e Shift register — ITepiéyel mAnpoopieg yo T petdfacn pHetald KaTaoTAGEDY

e State functionality code — YAomotel tov kmdika ThG KOTAGTUONS

e Transition code — Kafopilel tnv endpevn katdotoon

"Eva mapdderypo apyrtektovikng state machine gaivetat oto Xy. 3.1.

LB |"Start“1 Default .'-.=-.=====.'-a'-a!-.'-.=-.

: hN i State R [ S

Functionaity """ code
s Code
1 While Loop 2 Shift Register 3 Case Structure ‘

Iyqpa 3. 11 Apyrrextoviki state machine

Ye cOyKpLo™ LE EVOL SIAYPOLLILO KOTAGTACE®Y, 1| poT o€ éva State machine viomoteiton
a6 to While Loop, ot dtapopetikég katactdoelc Topovctalovtal g cases oto Case
structure, eve o shift register oto While Loop mapaxorovfei v tpéyovoa

KOTAOTOON KOl LETOAOUTAOEDEL TNV TPEYOLGO KaTdotaor oto Case structure input.

Onwg gaivetar oto Xy. 3.1, n mo dwdedopévn uébodog eréyyov ™G petdfacnc
Kataotdoswv gival to enumerated type control (enum). Mo onuovtikn Aertouépela
eivan otL mpémer vo givan type-defined (typedef). Avtd Advel ta mpoPAnuoto wov
TPOKVTTTOVV OTAV 0 YPNOTNG EMYEPEl Vo TpocBEaet 1 daypdyel po Katdotaon ond

to enumerated type control, odnydvtac oe pHén ocHvdeons TOV KIA®SI®V TOL

62



ovvdéovtal ot avtiypago avtod tov enumerated type control. Mg dilo Aoyia,
kavovtag type-define to enumerated type control, 6lo to avtiypoed TtOL ©TO

TPOYPOLLLO EVILEPDVOVTOL CVTOLOTO OV L0, KOTAGTAOT| TPOooTeDEL 1) aparpedet.

10 ovyKekpluévo project, n emduevn katdotaon evog state machine eléyyeton xotd
Baon pe 000 tpomovg — pe tov Aeyoupevo “single default transition” wou “select
function” k®dwa. O TpdTOC YpNoIoTOLEiTAUL dTAV VTTAPYEL LOVO o, AV ETOuEVN
katdotaon (Zy. 3.20), evd 0 de0TEPOG OTAV VTLAPYOLY dVO TOAVEG KOTAOTACELS KO

npénel vo TopOel pia amdeaom avapeod toug (Zy. 3.2B). [58]

[ "Start", Default v 14 "Analyzer” v
i #Error Handler ¥
5 = 5 D> =
stop stop
| |

Tympa 3. 20 (aprotepa): Single default transition ko Xynpa 3. 2 (8e&ua): Avo mbavég petofdaoers 6mov o
amotéhespna TG EkPaong kaBopileTar amd ™) cvvapnon select

3.1.2 Functional Global Variable (FGV)

Ta Functional global variables ypnouonotovvtol ektevdg o€ avtd to project kabmg
eivan mo katéAnio amd to global variables yw tovg akdiovbovg Adyovg. ‘Eva
functional global variable ypnoyonotei uninitialized shift registers ce While loop yw
va dwtnpet dedopéva 66o 10 VI Bpioketanr otn pviun ram. H yevikn popon evog
Functional Global Variable nepiiaupaver éva uninitialized shift register ue éva While

loop mov ektedeitan pia popd, 6nmg eaivetat oto Xy, 3.3.

..... e (1)

Cutput

...................

1 Uninitialized Shift Register

Tyfqpa 3. 3: Teviki) popen Functional Global Variable
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‘Eva Functional Global Variable cvvffmg éyet éva action input parameter mov
kabopiler ™ Aetrtovpyio tov VI. To VI ypnowonotei évo uninitialized shift register
Yy vo Kpotd to amotédecua e mpdéng. To o koo FGV meprhapfdver “set” ko
“get” Aewrovpyieg (Xy. 3.4). Onwg oaiveton, omv Kotdotaon “Set”, dedouévo
eloépyovtar oto VI ta onoio o shift register amoOnkedel, eved oty katdotaon “Get”,

dedopéva avaktmvtat om’ Tov Shift register ko mpombovvtar oty £€odo.

""‘""""""""‘""‘n "Cet' Default * :""’""“"‘""“""‘"‘""

Tynpa 3. 4: FGV pe “Set” ko “Get” kataotdaoeg

Yndapyovv 3 mheovektiuata otn ypnon Functional Global Variables avti ywa Global
Variables. To mp®dto givar 011 ivar TANPOS TPOCAPUOGIILN. KAOMG UTOPOVY VOl EYOVV
6o¢g kataotdoelg embovpodue (ta FGV pmopovv va £xovv meptocdTepes KOTOOTAOEL
and ta amAd “Get”/’Set” FGV). To dgbtepo givor 6Tt pmopovv vo eEVTNPETHooVY Lo
oOvOeteg dopég dedopévev, ommg stack, queue buffer n complex bundle type, mov ta
amid global variables dev pmopovv. To tedevtaio kot GNUAVTIKOTEPO €ivol OTL deV
elvan re-entrant. Avto onpaivel 6t 6tav éva FGV kaleitor amd moAAég Tonobesies, To
oo avtiypago tov FGV ypnowomoteitatl. Zvvenmg, povo pa kAnon mpog to FGV
pmopel va cvupPaivel avd oo otiypr. Avto amotpénet race conditions mov pmwopovv
va GuPBoLV OTav 2 S10POoPETIKES dlepyacieg Tpocmadovv va £xovv tpdsPacmn oto 1610

FGV (m.y. pia yio va dtafdoet kot 1 GAAN Yo vo ypayet og owtd). [59]
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3.2 Kipra avdaivon

3.2.1 Emoxonnon

To project ywpiletatl oe 600 OKEAN — TNV £QOPLOYN SErVer kai tnv gpoppoyn client. H
epapuoyn server tpéyel otv NI LabVIEW Real-Time mhevpd tov PXI (rapamounn
otV mapdypogo 2.3.4 tov 2°° kepahoiov yio AenTouéPELES), EVD 1 e@appoyn client
tpéxel otv Windows XP mievpd tov PXI (] onolovdnmote vroAoyioty pmopei vo
€0PALMGEL [0, VVIEST HECH dIKTOOV pe To cvotnua PXI). Avtd cvpPaivet yua vo

BeAtimbel n axpifela, a&lomotio Kot GUVETELD TV HETPNCEDV.

2VUYKEKPLUEVO, 1) EQAPLLOYT| SEIVET gtvat vTevBVYT Yo TN AetTovPYiet TOL KIVITHPO KO
™ Myn dedopévov  amd Tovg Odpopovg awsOnTpec mov  Asttovpyodv of
Stapopetikode  pubpode derypatolnyiag o kabévag upe okpiféc timing ko
OLYYPOVIGUO KOl TNV OTOGTOAN OLTOV TV dedouévemv otn epapuoyn client oe
TOKETO, dlac@oAilovtag 0Tl dev onpeldvetal ommdAsia dedopévav. H gpappoyn client
amd Vv GAAN mievpd eivar vredbOBvvn Yoo TV vIodoy OAWV TOV GTUAUEVOV
OOOUEVOV KO TNV EKTEAECT OAMV TMOV ATOLTNTIKOV — OGOV apopd TN CPU Kol ™
uniun — dlepyacidv mov dev amortovv akpiPéc timing, omwg M oxedicon TV
YPOPIKOV TOPACTACEDV TV Oedopévov, N peteneéepyacio tovg pe Matlab kot 1
TOPUYMOYT TOV OVOPOPDOV.

To didypoppo pong tdéco g server 6co kor g client pappoyng eaivetar oto Xy.

3.5, evd N avaivon Tovg akoAovBel oTa EMOUEVO VITOKEPAAALO.
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Front Panel | [ Data Reception ]

&'DAQ‘ & Data Logging
Configuration _ l .
0 , Post-processing
Data Acquisition & options
Data Transmission & Front Panel

Close
References

Close
References

Error
handling

Restart

handling

Yympea 3. 5: Avdypoppa pong Tov server ko client epappoydv
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3.2.2 Egapuoyn Server

H epappoyn server omoteleiton amnd évo state machine 5 kotactdcewv. Onmg
Qoivetal 6To dtdypappo pong Tov Xy. 3.5, o1 5 katactdoelg ektedovv ta initialization,
DAQ configuration xor Front Panel selection, data acquisition kot transmission,
reference closing «ou error handling xot ovopdlovrar “init”, “dagConfig”,

“runProcesses”, “exit” kot “error” avtictouyo.

e Initialization

Ye outd 10 oTddo cvuPaivel OAN M amortovpevn apykomoinon. IepriapPavel to
subVIs  “initFgvs”,  “initSharedVariables”,  “initFpga”, “initQueues” kot

“initNetworkStreams”.

o To subvi “initFgvs” apywomoiei 6Aa to. FGVS mov tpéyovv oto real-time
GUOTNHO GTIC OPYLKES TYLES TOVG,.

o To subvi “initSharedVariables” opywonowei to shared variables mov
d1evkolvVoLY TNV emkowvmvio server kai client. Avtd sivon i “stopClient” variable,
7OV YPNOHOTOLEITOL Yiow TNV Stakomh Aqyng dedouévmv kot logging oty epappoyn
client, 6tav ot HETPHOEI EYOVV TEAEIDMOEL OTNV EPAPUOYN Server, kabdc kot M
“strainGagelniFile” shared variable, Tov otéAvel otV €pappoyn SErver 1o opiopéEvVo
and tov ypnotn ini apyeio otov client computer mov £xst TG EVUEPOUEVEG
TapapETpovg strain gage, oe mepintmon mov dev ypnoyomomboiv o default.

o To subvi “initFpga” avayvopilel tig ovvdedepéveg NI RIO cvokevéc kot
katefalel og owtég To fpga bitfile kot onpovpyet kot omlel oto avtictoryo FGV 1o
FPGA reference nov 0a givan amapaitnto oe endpevo otadia. [1pog 10 Tapdv, 1 novn
dwbéoun NI RIO ocvokevn eivar n PXI-7841R aAld m ocvykekpuévn vAomoinom
EMTPEMEL EDKOAQ TNV YPNOT KOl AAA®V GUGKELMV GTO UEALOV.

o To subvi “initQueues” dnuovpyet Tig dopég queue mov Ba ypnoomombody
oto otddto data acquisition ko omlet Ta references tovg ota avtiotoyo FGVS.

o To subvi “initNetworkStreams” onuovpysi 6Aa ta network stream writer
endpoints kou omlel To references tovg ota avtiotorya FGVS. To subvi tepuartilet

otav ta reader endpoints £xovv dnpovpynbei oty epappoyn client.

H ypnon tov queues kou network streams koAOmTeEToL AETTOUEPDS GTO VITOKEPAAOLO

“Awyeipion Agdopévav”.
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Y& kGOe xatdotoon twov State machines t6co oty server 6co kot otnv client
gpapuoyn, ov ovuPel opaiuo og onotodnmote SUbVI ¢ KaTtdoTaoNG, TO TPOYPOLLLLOL
petafaivel oty katdotaon “error’. Avtd onuoivel TMg TO0 TPOYPOUIO CTAUATE Vo

TPEYXEL 0V CLUPEL OTOLOONTTOTE ATPOGOIOKNTO GOAALLAL.

[ "init", Default 't
ﬂ»;; [ error ]
Fa 2

Yympa 3. 6: Epappoyn server — katdotaon Initialization

e DAQ configuration xaz Front Panel
Ye avtd 10 oTad0 AopPaver yodpa m Sopudpewon Aqyng dedouévav (DAQ
configuration) kot o1 emhoyég otov Tivaka gAéyyov (Front Panel selection). Eidud:

o To subvi “measurementTypeSelect” emtpénel v emroyn Creep 1 Hysteresis
te0T puéow tov Front Panel. Avdloyo tv emloyn, kaleitar ovtiotoyo Subvi mwov
EMTPETEL GTOVG YPNOTES VO, OEc0vV TIC Tapauétpoug Tav Creep kot Hysteresis teot.

o Xmv mepimtwon mov emhexbei dynamic-execution Hysteresis teot, o
KvnTipag Aettovpyel dote o @optio va tebei oo minimum exinedo.

o Ta PT100 xou accelerometer kovéiio, SnUIOVPYOVVTOL UE TIC OVTIGTOLYEG
napapétpoug kot ta  references tovg odlovior ota  oviictoryya FGVS
(“PT100DAQInit” ka1 “accelerometerDAQInit” subvis).

o Tékog, ta “initSyncStartStatic” (oe mepimtwon Creep 1 static-execution
Hysteresis teot) wor “initSyncStartDynamic” (oce mepimtmon dynamic-execution
Hysteresis teat) subvis dnpovpyodv o vVIOAOTO KavAAlo ANYNG KE TIG emBUUNTES

TOPAUETPOVG, SGPOALOVTAC TN CLYYPOVIGUEVT Agttovpyia OAwV Twv modules.
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Ta mpodTo 000 onueion KOADTTOVTOL [Ee AETTOUEPELN OTO VROKEPAAoto “Emioyéc

Extéleonc”, evd to emOUEVE OVO GTO “TVYYPOVIGUOS ANYNG OES0UEVDV™.

14| "dagConfig” 't

1] "Dynamic” 't L

<| "Static 'F

0 (3
— v g | B fPaame| 0 [BOO0F N, o s Shart
*init | vl —— Selest st v i i it ENRERG S

** runProcesses v

|

Yypa 3. 7: E@appoyn server — katdaotoaon DAQ Configuration kar Front Panel

e Data acquisition xaz data transmission

2g aUTO 10 6TAOW0 YiveTor 1 ANy OESOUEVOV TV PETPNCEWDY, TO OTOi0. CTEAVOVTOL

puéom tmv network stream oty epappoyn client yia logging ko eneéepyaoia.

‘Eva case structure ypnoipomoteitor yo tov doyopiopod static execution (Creep won
static-execution Hysteresis teot) ot dynamic execution (dynamic-execution
Hysteresis test), oAAd ko1 oTIC OV0 WEPMTOOELS YPNOLUOTOOVVIOL  TO
“SyncedAcquisitionProcess”, “PT100AcquisitionProcess” Kol
“accelerometerAcquisitionProcess” subvis, mov mpaypatomolovy T Ay dedouévey,
kabmg kot to “dataSend” subvi, mov otélvel to AneBévta dedopéva otov client
(meprocdTEpEg TANPOPOPiEG 6TO VIOKEPAAALO “Atayeipion Aedopévav™).

Kot to 600 cases mepthapfdavouv v omooToAr] €vOC ONUATOS Ol0KOMNG OTNV
epapuoyn client péow g “stopClient” shared variable 6tav to test oAokAnpwoOei.
Yy mepintmon Static execution, to onpo petadideTor 6tov to Signal generation
oAoKANpwOEl, evdd otV mepintwon dynamic execution, dtav 1 kivnon tov KwvnTtHpo
nov eléyyeton and to “loadSettingDynamicSync” subvi odokAnpwoOei.

H mopoyoyn onupatog oi€yepong (signal generation) eiéyyetor omd to. Subvis

(“signalGenerationHysteresisDynamic”  otv  mepintwon  dynamic-execution
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Hysteresis teot, “signalGenerationHysteresisStatic* otnv nepintwon static-execution
Hysteresis teot kot “signalGenerationCreepStatic” otnv nepintwon Creep test), evd
10 “removeJunkSamples” subvi dacpaAilel 6T | TOpAy®YN oHUOTOG d1EyEPONG Elvan
OCLYYPOVIGUEVT HE TN ARYM dedopévav amd Tovg ooOnmpes (TeplocoOTEPES

TANPOPOPIES GTO LIOKEPAANLO “ZVYYPOVIGUOG ANYNG OEOOUEVOV™).

M "runProcesses” Vt
ul "Stat\{",f.lefault 't
44‘ "Creep” 'F
B
S
o et ] * get |
F) 8 E [ 1 P 4000 -FEEr
r1aa: I durk
(- = =
lw @
m =
‘l "Hystere ,* " Dynamic” 't
&
5
Hsateres
......
1 2000 FEEES o H
E o Satting Fan z ¥ stopClient] 1

Yympoa 3. 8: Eeappoyn server — Data acquisition kon data transmission state pe mapailaysg case

e Close references
Y& avto T0 6TAd10 KAgivovTol Ola To references. Zvykekpiuéva

o To subvi “closeFPGARef” k\eiver to FPGA reference.

o To subvi “closeDAQRef” xafapiler To data acquisition kot signal generation
tasks.

o To subvi “closeStreamRef” kataotpépel ta network stream writer endpoints.
A&iler vo avapepbel 0TL TPV KotaoTpapovy kaAeitar to “Flush Stream” subvi, to

omoio peTaEEPEL OAa Ta dedouéva Tov eivar axdpo obéoiuo yioo avdyvoon oto
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reader endpoint (client). Avto dacparilel 611 to writer endpoint buffer givatl ddeto
TPV KOTOOTPAPEL Kot Kovéva dedopévo dev amoppintetol Tpty daPaoctei otov client.

o To subvi “closeQueueRef” erevBepdver ta references tov dtipopwv queues.

Pt

Tympa 3. 9: Epappoyn server — Close references katdaotaon

e Error
To otado tpéxet o “Simple Error Handler”, nov o€ mepintwon cedAipatog epeoviCet
TOV KOOKO oQAANATOG Kou TV Teptypaer. Onwg avagépbnke, otav copuPel éva

cQAaApa, YiveTal LeTdBooTn GTNV KOTAGTACT “EIror” kot 1 eKTEAECT) O10KOTTETAL.

[ "error” Vt
Fr—f—— 2
H E =

Yypa 3. 10: E@appoyn server — Error kotaotoon
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3.2.3  Egapuoyy Client

H client gpapupoyn, Omwc o1 m server, amoteleitoar omd évo state machine 5
KOTAGTACEDV. ZOUPOVO LLE TO OAYpOppe. pong Tov Xy. 3.5, awtég o1 5 KataoTdoelg
devepyobv ta initialization, data reception kot logging, post-processing options ko
Front Panel selection, reference closing kot error handling kot ovopdlovtor “init”,

“datalogging”, “postOptions”, “exit” kot “error” avtiotouya.

e Initialization

Onwg kol otV €Qoapproyn Server, oe ovtd 10 otddo Aapupdvel xdpa N amxapoitnn
aPYIKOTOINGT. ZVYKEKPLULEVAL

o To subvi “initFGVsClient” apywomotel 6ra o FGVS mov tpéyovv otov client
GTIG OPYIKES TILES TOVG.

o To subvi “initStrainGageConfigClient” mapaxwvel to ypnotn vo dtohé€el ™
yxpnon eite Tov default site Tov kabopiopévav amod to ypiom DAQ pvbuicewv yia to
strain gage. St 2" nepintoon, kodeitoar kardAAnio subvi mov Swafalet to ini’ apyeio
mov eméle€e O YPNOTNG Kol OTEAVEL TIG TOPOUETPOVS OTOV SEIVer pécm g
“strainGagelniFile” shared variable. A&ilet va onuewwbdei mwg av 1o 1610 Subvi
KaAovvtay amd T Server spappoyn, tote to file directory mov mepieiye to ini apyeio
Ba avagpépovtav oto real-time Asitovpyko. Kabmg dpwg to real-time Asttovpyiko dev
gyl O1KO TOV YPaPKO TEPPAILOV, 0 nOVOg dvvatdg TPOTOg Vo pETopePOEl To INi
apyeio o Nrav péow kamolov FTP service, 6nwg to FileZilla. Tvvenmg, eivor poavepod
Yo Too AOYo emAéyOnke 1 vAomoinon 6mov o ini apyeio avePdaletar amd v client

mevpa (Windows XP mlevpd tov PXI 1 0mo1060MT0TE LVTOAOYIOTHG WTOPEl Vo

% To format INI eivau éva avermionpo mpdtumo yia configuration files pe o Paociky Sopn wov
amoteheitol amd “section” kon“properties”. To key (1 property) eivai to Bacikd otoryeio evog
INI apyeiov kot kéOe key £xer éva dvoua ko po Ty, mov ympiCovrarl pe to oduPforo icov
(=). To 6vopo epeavietarl ot apiotepd Tov icov (my.: dvopa=tun). To keys pumopodv va
opadomomBovv g sections. To 6voua tov Section gpeoviletal oe pia ypouu pévo Tov pe
aykOleg (m.y.: [section]). Ola to Keys uetd tn dniwon tov section cvoyetiloviol pe avtd 10

section. Ta section ka1 key dev givan case sensitive. [60]
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e0paldoel o ovvdeon péc® OIkTOOV pe tOo ovotnuo PXI), pe Tig Tég va
amooTEAMAOVTAL 6TOV Server uécwm piag shared variable.

o To subvi “initNetworkStreamsClient” donpovpyei 6ha to. network stream
reader endpoints ka1 o®lel to references tovg ota avtictorya FGVS. To subvi
oAOKANpdVEL OTOV To. Writer endpoints tng server epapuoyng avayveopilovrad.

o To subvi “initQueuesClient” dnuovpyei T odouég queue mov Oo
YPNOILOTOMNBOVV GTO GTASI0 AYNG TOV TAKETMV dEDOUEVMV Kot GAOLEL TIC AvaPOpPEG
Tovg ota avtiotoryo FGVS.

o To subvi “initDataLoggingClient” onuwovpyei (ov dev  vmdpyovv) 0
avtikadiotd (av  vmdpyovv) To tsv'? apyelo OV XPNOWOTOOVVIAL Yo TNV

amobnkevon Tov Anedéviav dedouévov oe Eva tpokadopiopévo directory tov client.

W[ init", Default v}

[+ error 7]
Ft - o

Tympa 3. 11: Eg@appoyn client — Initialization ketdotacn

0 To TSV avimpooswnever o “tab-separated values”. To TSV eivor o evadhaktichi 6to
obvnbeg comma-separated values (CSV) format kot 1 dapopd eivar 611 to delimiter eivon

évag yapaxtmpog tab avri yua éva koppa. [61]
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e Data reception xaz data logging

g aVTO T0 6TAO10 AapPAveL xdPA 1 VITOSOYN TOV SEGOUEVEOV TOL GTEAVOVTOL OO TOV
server kot 1 anobnkevon Tovg 6to okAnpod dioko (logging). Lvykekpuéva:

o To subvi “dataReceive” dwfaler 0la to makéta dedopévov and to network
stream kot to ToroBetel oTa KatdAAN o qUEUES.

o To subvi “dataLoggingProcessClient” oagoipel otoyeio amd 1o
TpoovapepOBEVTO qUEUES Kol TOL ETIGVVATTEL 6TA avTioTorya tSV apyeia.

o To otéd10 OAOKANPOVETOL OTOV TO GO SLOKOTNG o TOV Server Anebei pécw

g “stopClient” shared variable.

[Tepiocdtepeg AemTOUEPELES Y10 TO TPAOTO OVO GNUELN TOPATIOEVTOL GTO VITOKEPAAOLO

“Awyeipion Agdopévav”.

2
1
4 st v ket ¥
m -
............. ] HIES" ° n Elim Client e e
n )l
o 4 [ é """
@

Yympea 3. 12: Egappoyn client — Ketdotaon data reception ko data logging

e Post-processing options xaz Front Panel

Ortav olokAnpmbei n vwodoyn dedopévav kat to logging, TapovctaleTar 6Tov ¥pHoT

éva Front Panel pe tig mopakdto emloyég:

o Copy data files: To “copyDataFilesClient” subvi avtiypdaget ta tsv files oe pua

tonobecia Tov okAnpov dickov tov client mov kabopiletar amd tOv YpHoTH. AVTO
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glvor ypnowo kabm¢ av ta apyeio dev aviypa@ovV, GTO ETMOUEVO TPEEYLO TOL
TPOYPAUUOTOC, T TpoTyovueva. ISV apyeia Bo aviikatactafovv and Ta véa.

o Display plots: To “graphCreationClient” subvi diapdaletl ta dedopéva and ta
amoOnkevpéva tsv apyelo kot oyeddlel TG YPOQEIKEG TOPAGTACELS. Y TAPYOLV
Eeymprotd tabs yuo kabe ypoekr yioo Too strain gage, load cell, capacitive sensor,
current, signal generator, PT100 ka1 ta dvo accelerometers. Yndpyovv eniong dvo
emmhéov tabs ywa tov ypfiyopo petaocynuatiopd Fourier - FFT™ (Fast Fourier
Transform) — tov dedopévov tov 000 cmtayvvolduetpmv. TEAog vrdpyel évo
Eeymploto tab omov ta dedopéva twv strain gage, load cell, capacitive sensor, current
kot signal generator avomapictaviolr oty 0100 YpaQIKN wAPACTOCT], APOTOL
KatdAAnAo. subvis éxovv kéver down-sampling oto dedouévo mote va €xovv ico
ko,

o Print Report: To “reportOptionsClient” subvi mapovoialer otov ypnot éva
Front Panel 6mov pmopei va mapdyetl pio ovapopd apod GOUTANPOCEL TO OTOPAITITO
nedio. O ypioc umopel va. emAié€etl va mapdyet po avoapopd Hysteresis (mov tpéyet
to Hysteresis post-processing Matlab script kot mapdyet to didypoupa Hysteresis
Loop), Creep (mov tpéyet to Creep post-processing Matlab script kot mopdyst o
Swdypappa Creep) 1 Leakage Current 71 0moOl0VONTOTE GLVOLOGHO CVTMOV.
[lepiocOtepeg mANPOPOpPieg MOPEXOVTAL GTO VTOKEPAAOLO “Avtopatn Oompovpyia
avaQopas”.

o Restart Program

o Exit Program

1 O Fast Fourier Transform givat évag odkydpiBpog ypriyopov VIoAOYIGHOD TOV SLaKpPIToD
uetacynuotiopov Fourier (DFT), mov petatpénel and medio ypdvov o€ medio cuyvoOTNTAC.

[62]
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4 "postOptions” 't

o init 0-> C_opy data files — =
1 -> Display Plots
2 -> Print Report
3 -> Restart Program
|4 -> Exit Program

=
!

[
— —
” s Cpm | ) Epm =

Yympa 3. 13: Egappoyn client: Post-processing options kot Front Panel case pe mapailaysg case

o Close references
Y& avtd 10 61010 KAgivovTat OAa To references. Xvykekpiuévar:

o To subvi “closeStreamRefClient” kataoctpéper ta network stream reader
endpoints.

o To subvi “closeQueueRefClient” ameievbBepmver ta references oto didpopa

queues.
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Yyfqpe 3. 14: E@appoyi client — Close references katdotaon

e Error

Onmg Kot 6TNV Server papuoyr, o6to 6tddio avtod tpéxet to “Simple Error Handler”,
OV G€ MEPIMTMON GPAANATOS EREAVILEL TOV KMOWKO GOAALOTOS KOL TNV TEPTYPUPN].
Onwc avapépbnke, 6tav cvuPei Eva ceaipo og kamotlo subvi, yiveton petdfoon oty
KOTAOTOON “error” kot 1 e€KTEAECT] OOKOTTETOL. AVAAOYO TNV €MAOYN TOL EYVE
avapeoa ota “Restart Program” xou “EXit Program” oto otddio “post-processing

options kot Front-Panel”, to mpdypappa gite otopatd eite emavekkivel.
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Yympa 3. 15: Eappoyn client — Error ketdstoon

3.3 Emiloyés ektéleong

To mpdypappa mpooeépet 3 drakpitd TeoT TPog To Topdv. Avtd givor to Creep, static-
execution Hysteresis kot dynamic-execution Hysteresis teot. H dtopopd avaueca oto
static-execution kot dynamic-execution Hysteresis teot givat 0Tt 610 TPOTO TO POPTiO
napopével otafepd kab’ OAN TN JBPKELN TOV TEGT VM GTO deLTEPO peTafdAretor. H
modular @bon g ocvykekpyévng viomoinong (xpnon eoiwcpévev subvis kot
aPYITEKTOVIKNG Case structure kou state machine) emitpéner v €OkoAn eméktoom

AertovpywdTog av gtvat emBuunTtod 6To HEAAOV.

3.3.1 Creep reor

Onwg avagépetar 610 vmokepdaiato 2.4 “Agitovpykn avaivon”, oe éva Creep 1eot
10 melonhekTpikod otoryeio aprveTon Ywpig optio Kot ypnoyomroteital n fondntky
duataén tov Zy. 2.20 yio gvkoria. Ocov a@opd T0 AOYIGHIKO, OVTO CNUOIVEL OTL GE
€vo, Creep TeoT OeV LTAPYEL OVAYKN AETOVPYIOG TOL KWVNTAPO KO 1 HeyoAvTEPN
TPOKANOT €lvat 1 vAOTOINoN NG EMOLUNTAG HOPPNG KLLATOHOPPNG OLEYEPONG TOL

melonAekTpikov otoryeiov, Eva mapddelypa g omoiag @aivetal oto Xy. 2.21.
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O mivaxag eréyyov (Front Panel) evoc Creep teot @aivetar oto Xy. 3.16. Ot
napdueTpor givar Minimum kor maximum tdon o€yepone, o aplfudc Pnudrov
peta&d minimum kot maximum taong (m.y. oto Xy. 2.21 eivor 5) ko n didpKeLa
pruatog oe devtepdrenta. KotdhAnia subvis a&lomoiobv Tig TopapéTpovg Kot
oNuovpyovv v emBountm Kopatopoper| €£000V, TOL TPOPOOOTEL TO TECONAEKTPIKO
otoeio puéow tov slot 9/output 0 tov PXI xor péow tov Cedrat LA75B. Onwg
TEPLYPAPNKE GTO VIOKEPAAAL0 2.3.3 “A1oONTNpeg KOl TEPIPEPEINKES CLOKEVES”, TO
Cedrat LA75B éyet mopayovta képdovg 20. Avtd @uoikd cuvumoAroyiletor kot o
YPNoOING €wodyel Tic embountéc taoelg €£600v otov mivoka eAEYYov. AVTEC

TPOYPOUUOTIOTIKA dtapovvton pe to 20 mpv droxetevbodv oto Cedrat LA75B.

P B
i3 creepExecutionModeSelect.vi Front Pane... E@Iﬂ—h,l

File Edit View Project Operate Tools ﬂirH—‘H

m‘f@' O@ | 15pt Applicati| « -, rﬂl 1"

Please enter the Creep parameters

m

=150

= W
J
J

-

StressedPiezoTestBench.hvproj/NI-PXIe8133-2F1409C7 | « ] »

Xympa 3. 16: Creep teot Front Panel

H onpovpyia g emBounmg kopatopopeng 01éyepong eivar  €vo moAVTAOKO OEpa
mov avaAapuPaver to “creepArrayCreation” subvi (Zy. 3.17), to omoio S0vVAEVEL MG
e&neg: Xpnowomnowwvtag 6vo for loops, dnuovpyel dvo Eeywpiotég akolovbieg mov

gvovovtal oto téhog. H mpotn axolovbio eivar m avéovoa mov kiveitor amd
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minimum ot maximum téon. Eekwvavog and ) minimum tdon, tpoocbétel otov
dnuovpynuévo mivaka 6ca onueio pe T Minimum taong 6co yperdlovrat yio vo
emtevyBel m oplopévn ddpkela Prjuatog oe devtepdienta. O apBudg onueiov
vroloyiletar moAlamlacidlovtag ) didpkela Puatog pe o pudud derypotoAnyiog
tov slot 9 output module (6mwg opiotnke oto DAQ configuration stage mov
eneényeitan apyodtepa). Kooy, npocbétel tov 1610 apBud onueimv aAld avty
QOPA LLE TN TOV TPOTOL EMTESOV TAV® ard TNV Minimum tdon. Ta erineda tdong
vroloyilovtat dtapdvtag TN dopopd peTa&h Maximum kot MiniMum tdong pe Tov
aplBud Pnudtov kot TpocHETOVTOG TO AmOTEAEGUO OCEG POPES 00eG O apliuog
Bnudatov ot Minimum téon péxpt va emtevyBel n maximum (z.y., av n minimum
taon eivar 4V, 1 maximum 10V kot o apOpdg Pnudtov 3, tote ta emnineda Taong
eivan 6V, 8V xor 10V). H evarloynq peta&d minimum tdong kot Tov Sopopev
emmEdmV Taong cvveyiletar uéypt va emtevyei To maximum exinedo tdong.

H dgbtepn axoiovbio dnuovpysiton pe mopdpolo TpoOTo Kot eivor pio evorlioyn
peta&h maximum tdong kot hvovemv emmédwv tdong uéypt n Minimum tdon vo
emtevyBel, Omov kdbe otdd0 dapkel OGO 1 oplopéVN drapkeld Ppatos.

O1 600 mivaKeg 6T GLUVEKELD EVOVOVTOL Kot TO EMBLUNTO AMOTEAEGULA EMLTVYXAVETOL

(évo mapdderypa Tov omoiov eaivetol oto Xy, 2.21).

F T |
{3 creepArrayCreation.i Block Diagram on StressedPiezoTest _2F1409C7 [

File Edit View Project Operate Toocls Window Help H
+| Search 4 ||§"“l

o & OIEI|LN:||IE' L] |15ptAppIication Font |« ||E,,—_.v ”'T]EvH@bv ”i'-'él

Min (V)
[OBLY

sample rate (Hz)

DEL ¥ [3
step duration (s)
I@ [}

g

[ - e =

# of steps

array

Max (V) EEHE] El

[DELE

Error In Error Qut I

StressedPiezoTestBench.vproj/NI-PX1e8133-2F1409C7 « [ | b

L s = A

Tyfpa 3. 17: Anmovpyio Creep kopotopoporis ££660v
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3.3.2 Static-execution Hysteresis reot

To static-execution Hysteresis teot, eivar éva Hysteresis teot 6mov 10 @OpTiO
apopével otabepd kab’ OAn 1t dbpkeln tov 1e0T. DLoKE TO Poptio pTopel va
pvOuotel oe omowoonmote emBvuntd eminedo mPwv Eekwvnoer M O€yepon TOL
meloniektpikov ototyeiov. Ocov apopd v ££000, umopel va givon gite po otabepn
Téon 1N [o TEPLOOIKN KL LOTOUOPON.

O mivokag eréyyov (Front Panel) tdéoo yio to static 6o kot yio. To dynamic execution
Hysteresis teot givat o id10g ko paiveral oto Xy. 3.18. To ndve mhaiclo mepiéyel G
napapéTpovg Tov signal generator kot givat 1o 1610 Kot 6TIC dVO TEPMTMOGELS, EVA TO
Kt TAaiclo ympiletar oe dVvo pépn, pe o aplotepd vo avapépetar oto Static

execution kot to g€t oto dynamic.

Ocov agopd Tig mopapétpovg tov signal generator, av smieyei 1o “Constant
Output”, tote n novn mapauetpog sivan n embounty ££0dog oe voltage (ko wdit, o
napdyovrog képdovg 20 tov Cedrat LA75B AoauPaveror ecmtepikd vmoym). Av
emleyel 1o “Signal Generation”, 10te 0 YpPNOTNC EMAEYEL avAUEGO ©E o
nutovogdr] (Sine), tpryovikny (Triangle), tetpayovikny (Square) 7n mplovetn
(Sawtooth) wvpatopopen kor petd opilet mv cvyvomta (Hz), to offset (V), to
nmAGrtog (oe peak voltage, oy peak-to-peak) kai tn @don (noipeg). Xtnv mepintwon g
TETPAYOVIKNG Kvpatopopeng, to duty cycle sivon mpokabopiopévo oto 50%. To
kovumi “Suggest Frequency” kot o dgiktng dimha tov givan yprioo oto dynamic
execution kot Ba avaivBodv 6TNV ETOUEVT EVOTNTA.

Ocov agopd Tig TapapéTpovg Tov Static-execution oty apiotepn TAevpd Tov KATO
mAauciov, to kovunmi “Set desired Load” emitpémer otov ypriotn vo Béoel v
emBount otddun eoptiov, evd to medio “lterations” ovolactikd eAEyyeL T StdpKeLo
ToV 160T. Kdbe iteration woodvvouer ue 1 devtepolento. 'Etol av m.y. emheyel constant
output 150V pe 10 iterations, to teot Oa dapkécel 10 devtepodrento 6T OMOiR TO
melonAextpikd otoryeio Ba tpopodoteitan pe 150V ko or ausOntipeg Ba Aappdvovv
dedopéva. Av emleyel éva sine wave e 2Hz, 75V offset, 75V peak, 270° @don kot
10 iterations, to teot Ba dwupkécel 10 dgvtepdienta Kot ta omoio 1 ££060¢ Oa givar
20 nutovoewdn kdpoto petagd 0V ko 150V kot or awsOntipec 6o Aappdvovv

dedopéva. To test Eexva 6tav matnbei To static-execution “OK” kovpi.
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& hysteresisExecutionModeSelect.vi Front Panel on EIDTEIBEI'E"I.'UP-. £

| File Edit Yiew Project Operate Tools Window Help —I:l
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Please set the signal generator
parameters.

Constant Output Signal Generation
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frequency (Hz) offset (V)
=100 E[s
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e |
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(for the specific execution
parameters below)

Please select the mode of execution
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SIEN
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=1/ 300
Motor Speed (RPM)

Tz |
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Set desired Load
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Iterations Iterations (in case of triangular movement)
ain Bl
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StressedPiezoTestBench.lvproj/NI-PileB133-2F1409C7 | «

Yympo 3. 18: Hysteresis teot Front Panel
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To xovuni “Set desired Load” nvpodotel to subvi “loadSettingStatic” mov poptdvet
éva Egymploto mivako eAEyyov mov @aivetal oto Xy. 3.19. Avtd 1o subvi cvykpivel
ouveEY®DS TNV emBounTn TN QOPTIOL pe TNV TPEYOVCO Kot OTaV EMTEVYOEl oTOUATA
™ A€lTovpyio TOV KvnTHpa. TNV TPAyLOTIKOTN T, Evo poAMacuéVo SUbvi péso oto
“loadSettingStatic” eléyyet av n emBounty TR @eoptiov eivor yniotepa 1
YOUNAGTEPQ OO TV TPEXOVOO KO OVTIOTOLYO AEITOVPYEL TOV KtvnTipa 0eE10GTPOQa N
apLoTEPOSTPOPO e U0, TpoKabopiopuévn yapnAn tayvtra. ' vo Asttovpynoetl o
KWWNTpog mpEnel va amevepyomombel to pnyovikd ¢pévo, vo evepyomombei o
oepPfounyoviopnds Kot vo €xel oploTel Uit KATOAANAN T Yoo v TohTnTe
neptotpoeng (ot mbavég Tipég sivan peta&d —32,768 ko 32,767 omwg eEnyndnke oto
vokepaioo 2.3.4). Otav m embount Tt @optiov emtevyBei, n TodTNTO
neploTpoPng undeviletal, o oepPounyavicpds OmEVEPYOTOLEITAL KOl TO UNYAVIKO
opévo gvepyomoteitar. To kovuni “Emergency Motor Stop” dwakdntel T Asttovpyio
TOV KIWVNTNPO OTOONTOTE OTIYU| KOl GUVEMMS Umopel va amotpéyel (nuég oe
nepintwon dvoiertovpyiog (m.y. av to load cell crapatiost va Asrtovpyei). Otav

oAOKANpwOEL 1 pOOIoN TOV PopTiov, To Kovumi “OK” Kheivel To Subvi.

§9 loadSettingStaticvi Front Panel on StressedPiezoTestBench lvproj/NI-PX]e8133-2F 140... (5= o =ls et S

e ——
Sokting
L _)\ | Shakic

s

Eile Edit View Project Operate Tools Window Help
||:{> |{§l| OIE' | 15pt Application Font |~ || s ||'-_|:|T:.v ||gv | |@‘Bv |

Please enter the desired static Load (N)
and press "Enter”

200

m

Current Load Cell Value (M)

I

Emergency
L M -
Capacitive Sensor Value (um) _gotm
r n tDp
| [
Please press OK to proceed once finished
wF oK
I StressedPiezoTestBench.vproj/NI-PX1e8133-2F1409C7 | « = mn o r
e e - F_ - e y

Yympa 3. 19: Static-execution load setting Front Panel
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3.3.3 Dynamic-execution Hysteresis zeot

To dynamic-execution Hysteresis teot dtopépel and to static amd v dmoyn 6Tt 10
@opTio petofdiietor Kotd tn O1dpKELD TOL TEGT. M1 YOPAKTNPIGTIKY dlapopd givort
emiong etvar 6t1 N d1dpKeELR TOL TEOT gival oyeTIKN. AVTd ovuPaivel yioti 1 cuvOnkn
TEPLOTIGHOD deV givar 1 emitevén cvykekpluévay iterations 6mmg oo static execution,
aALd m odokAnpwon g emtBountg petafoine oto goprtio. Iapodtt n TaydTTO TOV
Kwnmpo. popet vor edeyyOei pe akpifeta, 16016mreg 6w to motor backlash (6mwc
opiotnke oto 2.3.2) onuaivovv 01t 1 d1dpKeLd Ogv givat VIETEPUIVIOTIKO HEYEDOC.

O mivakag eléyyov tov dynamic-execution Hysteresis teot givat, 0nmg avagépdnke, o
id10¢ pe Tov static-execution kot @aiveton oto Xy. 3.18. O mapdauetpot Tov dynamic-
execution Bpiockovtor otn 0e&ld TAELPE TOV KAT® TAOIGIOL Kot TO TE0T EEKVAL OTOV

natnOei To mAnktpo dynamic-execution “OK”.

H ypriomc emdéyel avapeoa o “Ramp” kot “Triangular movement” popon yio to
eoptio. H dwapopd givar 6Tt 610 “Ramp”, to goptio mnyaivel amd tn minimum tun
oTn Maximum pe v optopévn ToyHTNTO Kol TO TECT OTANOTd, evd oto “Triangular
movement”, to goptio mnyaivel omd T MiNiIMuUM Tn ot Maximum kot Eové Ticm
oTN MINIMUM pe TV 0pIGEVN TayDTNTO Kot ovtd cvpPaivel 66eg popéc opiletol 610
nedio “lterations”.

Ortav motnBel o xovuni dynamic-execution “OK” kot mptv evepyomombei n ££0d0¢
Kot ol aiobnmpeg, 0 Kwntpag Asttovpyel péxpt vo emtevyfel - minimum tun
eoptiov (“loadSettingDynamic” subvi, Xy. 3.20. Xe mepintmon aviykng o ypnoTng

UTOPEL VoL OTAROTAGEL TOV KIviTipa pe To kovuni “Emergency Motor Stop”).

A&iler va avapepbei 6TL 0 backlash eoptdtor and v katevBvuvon kivnong tov
kwnpa. Eivar advvaro vo eEalepbei to backlash motdéco pmopovue vo kédvovue 1o
TECT UE TETOWO TPOTO MoTE va eivon mpoPAéyipo. Avtd Kdvel o dwokodmtng “Motor
Backlash Compensation”. Awoc@oliler 6Tt n minimum Ty @optiov emTLYYAVETOL
amo P LYNAOTEPN TN Qoptiov. Av .. 10 apywd eoptio ivor 200N, to emBountod
minimum 300N «xot o daxdémtng “Motor Backlash Compensation” evepyomompévoc,
10 @optio Oa avénbei apykd and ta 200N ota 350N (sivar mpokabopicpévo va

anyaiver 50N vymAotepa amd v embounty) mpv vroywpnoet ota 300N. Av ntov
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amevepyomoinpévog, 10 @optio Ba avEavotav amd ta 200N ota 300N ko Oa
otapatovoe. Av M apyikn T @optiov etvar vyniotepa amd v emboun
minimum, tote aveoptHteg 0Ecemg Tov dlakomTN, T0 PopTio Oa pelwbel amevbeiog
otV emtBount minimum tun. Avti 1 Aettovpyia dev givan amopaitnt oto “Ramp”
aAAG elvan avaykaio oto “Triangular movement” kafmg kdvetr o backlash mopouoro
oe kGOe iteration. Av ftav amevepyomomuévn Kol 1 OPYIKN TUH QOPTiov MrTav
yopnAdtepo omd v embounty minimum, tote n minimum Tty @optiov Oa
gmTuyyovotoy amd younAdtepn Tun eoptiov, 1o 180T Ba Eexvovoe, 10 eoptio Ba
gptove T Maximum tipn kot o vroywpPohoe GTn MINIMUM, HOVO TOV AVTH TN EOPA
n minimum Tty eoptiov Bo emTvyyovoTav omd VYMAOTEPN T QOPTIOL KOl TO

backlash 6a tav drapopetiko.

{3 loadSettingDynamicvi Front ... E@ﬁ
Eile Edit Xiew Project Operate EEE
=EIEIMOIEEN E

Desired Load

. |
| 150 |
E Current Load Cell Value (M) |
0 ﬁ
Emergency i
Motor
Stop

|
StressedPiezoTestBench.vproj/NI-PXIe8133-2F140] j
=

[

Iyfqpe 3. 20: Dynamic-execution load setting Front Panel

O mapdapetpor tov signal generator Aeitovpyodv Omwg e€nyndnke mponyovuEvmg
OALG 1o oMRaVTIKY TPooOnkm gival To kovumi “Suggest Frequency” kot n avtictouym
évoeién. Avti n Asrtovpyio givar yprown oty mepintoon “Triangular Movement”
kot 6tav totnOel to kovuni, Topodoteiton To “suggestFrequency” subvi, mov extelel
NV Kivnon Kwntipo [e TG TapaUETpous EKTEAEONC TOV KAT® TANIGIOV 0AAG pe TNV
£€€000 Kol TOVg alohnTpec amevepyomonpévous. Metpd 1o xpdvo Ge deLTEPOLETTA

7oL ypetaleTa Yo va ohokAnpmOel  kivnon kot Tov dtaipel pe tov aptBud iterations.
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To avtioTpopo 1oV aMOTEAEGUATOG €lval 1| GLYVOTNTO TNG TPLYWOVIKNG Kiviiong tov
eoprtiov kot apovoidletor oty évoelln. ‘Etot, o ypiotme unopei va Bécel o signal
generator @g TPIY®VIKN KLUOTOHOPPY| HE TNV 1010 cuyvOTNTO, DCTE TO POPTIO KOl 1)
€€000¢ vo akolovBovv v 010 Tpryovikny popen pe v dw cvyxvotrta. Omwg
avoeéptnke, e€artiag tng oyetikng @vong tov backlash, eivon mo axpiBéc va
EKTEAECOVLE L GUYKEKPLUEVT] LETAPOAT] OPTIOV KOl VO, LETPTICOVUE TN SLAPKELL TNG

TP VoL TPOSTAONGOVE VO TV VTOAOYIGOVLE LE HOONUATIKO TPOTO.

3.4 Awayeipion oedouévav

Onwg avapépbnke, 1 Stoyelpton TV OEO0UEVOV ETTVYYXAVETOL LE TN XPNON JUEUeS,
network streams kot tsv apyeiov. o vo yivouov mo Kotovontoi ot unyavicuot,
Kpiveton okomipo vo pedetnel n pon Tov dedopévav amd TV apyn OG T0 TELOG.

2y €pappoyn Server, ta dedopéva mov cuAréyovtan oo to “DAQmMX Read” vis oto
otédio “data acquisition ko data transmission” tonofetovvtat oTo avticToryo qUEUES
pe 1t Ponbewa kotdAAniov FGVS. Zvykekpiuéva, ta dedouévo omd to capacitive
sensor, signal generator feedback, load cell, current ko strain gage cvAAéyovron kot
tomofetovvtol ota queues oto “SyncedAcquisitionProcess” subvi (Zy. 3.21) kot o

TOmog Tovg givan 1-dimensional array of double (1-d array of DBL).

___
i i
File Edit View Project Operate Tools Window Help
1] [ 25 ol [Tt Apptaton o 1~ | B~ e |85 Ty
False <]
ErrorIn m%
= A
= = I
nalog 20 DEL _|
&9
A
Analog 2D DBL )|
NChen NSamp
result in LoadCell -> Nalt Ermor Out
foget -] e S|
=t L L =R : L
Analog 1D DBL _ 5 ]
1Chan NSamp

]

StressedPiezoTestBench.vproj/NI-PXIe8133-2F1409C7 « T
= —

Yympa 3. 21: “SyncedAcquisitionProcess” subvi
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OMa to. data FGVs oto project éyovv 600 kotootdoelg — enqueue kor dequeue.

[Tapott oAAGlel 0 TOmog dedopévov Yo ta dtdpopa FGVS, n xatdotaorn engqueue

elvon Topopota o OAa kot omAd mepiapPaver po “Enqueue Element” povurtiva, éva

napaderypa g omoiag aiveton oto Xy. 3.22, and to capacitive sensor FGV.

action

i S

Queue Reference

capacitiveSensorQueuel

| "enqueue” 't

capacitiveSensorQueueOut

o3 o] o]
ErrorIn Error Qut
=

.

Yyfqpe 3. 22: “Enqueue” katdotacn tov data FGVs ety gpoppoyr server

Agdopéva amd to PT100 tomov double cvAiéyovtat oto “PT100AcquisitionProcess”

subvi ko torofetovvtan 6To queue Tov avtictoyov FGV (Zy. 3.23)

ms
:G’”'?t‘HZ ! W Finished Late [i-1]» o MEror
w3z, [10D
E am
T
Late
— =
}1| "acquire”, Default 'H
Frget 'I FP ENQUEUE 'I
ErrorIn X @—l P Frios = Error Qut
IE: i DA Fut Fa A
Analog DBEL
1Chan 15amp ] @]
frme | I =

Yympa 3. 23: “PT100AcquisitionProcess” subvi
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Télog, Ocdopévo TV~ OVO  EMTOYVVOIOUETP®V  GLAAEYOVIOL OO  TO
“accelerometerAcquisitionProcess” subvi. O tbmog tovg givon cluster of 6 waveforms
of double (cluster of 6 wvf(DBL)) ka1 torofetovvtar oto queue tov avrtictoyov FGV
(Zx. 3.24). Avtd 1o Subvi €yel axopo po. KOTAOTOOT OV 0KOAOVOEL T GLAAOYT
dedopévav kot extelel to Fast Fourier Transform (FFT) ko tomofetel ta dedouéva
o10 avtiotoryo FGV (Zy. 3.25).

,,%rr;ﬂ_
o

1

o

Iyfpa 3. 24: “accelerometerAcquisitionProcess” subvi

Yympa 3. 25: “accelerometerAcquisitionProcess” subvi - FFT

Ta dedopéva mov GLAAEYOVTOL TOTOBETOLVTAL GLVEXELDL GTO (UEUES Kol oVl TOKTH
YPOVIKG dtooThpoTo amootélhovtal oty epapuoyn client. H Aoywn sivar 611 ta
o0edopévo. GUAAEYOVTOL Y®PIG OlOKOTN EVM U0 TAPAAANAY OlEPYOCIO ATOCTEALEL
nokéta kébe 16c0. O pLOUOS amocToANG elval yaunAdtepog Tov pvOuovd cuiroyrg. H
anootoAr] ovpPaivel oto “dataSend” subvi mov Bpioketor oto 1610 0TGSO pE TN
oLALoYN dedopévmv oty epappoyn server (Zy. 3.26). Ta dedopéva apopodval amd
T queues pe v “dequeue” katdotaon tov data FGVS kat anocté hoviol HEcm Tmv

network stream otov client pe t povtiva “Write Single Element to Stream”.

88



Foes] Py [oged] P Paepees] Foe] —

(*get 7| [ dequeue v| [oget v

Error Out

ErrorIn

Yyfpae 3. 26: Arostol dedopévov péow network stream

Evd n kotdotaon “enqueue” ntav topouoto yio OAa ta data FGVs, n “dequeue” givat
0 TOAVTAOKT KaBmg TePEyeL T Onpovpyio TV Takétwv dedopévav. H katdotaon

“dequeue” twv capacitive sensor, signal generator feedback, load cell, current ko

strain gage amewkovileton oto Xy. 3.27.

action 5] 1 "dequeue” Vt

Queue Reference

capacitiveSensorQueueOut

(| FDEBL]

Error Qut
E =

ErrorIn

i

Yympoa 3. 27: “Dequeue” kotdotaocn yio to meplocotepa data FGVs otny epappoyn server

Apywd, 6Aa ta dtobéotpa oTotyeior Tov queue agpapovvtal pe ) Aettovpyia “Flush
Queue”. Qo1600 avTd dev elvar apketd KOOMG 0 eMOTPEPOUEVOS TOHTOG dEDOUEVOV

etvon 1-dimensional array of cluster of 1 element of 1-dimensional array of double.
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Avtd ovpPaivel yati 0nwg tpoavapépdnke kdbe otoryeio tov queue givor tHomov 1-
dimensional array of double. Epeic emBopodue va kataAn&ovpe pe dedouévo THmon
1-dimensional array of double 6mov 6Aa ta oTotKEior qUeue array éxovv tomofetnOei
o€ éva povadiko array to éva petd to dAro. o va emtevybel avto, avantdybnke to
Koppdtt k®dwka dimho otn Aettovpyia “Flush Queue” kot to omotéleopa givor 1-
dimensional array mov mepthaufavel OAa ta otorygio Tov queue tomobetnuéva To val

petd to GAAO.

H xatdotaon eivon mo amdin 6cov apopd 1o PT100 FGV. Ta octoeia queue tov
PT100 FGV eivar tomov double, énwg avaeépOnke. Xpnoyomoidvtag m povtiva
“Flush Queue”, 1o amotélecpa eivar o emBounto 1-dimensional array of double wov

nepEyel OAa Ta atotyeio Tov queue tomoBetnuéva to Eva HETA TO GALO.

action M "dequeue” Vt

e

Queue Reference In

PT100Queueln PT100Queuelut

] 1 C 3

ErrorIn Error Out

Xyfqpa 3. 28: PT100 “Dequeue” katdotaon 6Ty EQUpUoy SErver

To 110 1oyvel kan yia To. FGVS tov emtayvvoopetpov ko FFT mapd to yeyovog 6t
0 TUTOGC 0E0OUEVAV EIVOL SLOPOPETIKOG. LVYKEKPIUEVA, O TOTOG TMOV CTOLEIMV TV
queues kot tov 600 FGVS esival omwg avaeépdnke cluster of 6 waveforms of double.
Xpnowonowwvtag t povtiva “Flush Queue” xatainyovpe pe to embounto 1-
dimensional array of cluster of 6 waveforms of double. H xotdotaon “dequeue”

anewoviletar oto Xy. 3.29.
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action M "dequeue” vhf
queue Ref In

accelerometerQueuelut

L (5H|
ErrorIn Error Out
55 o

Zympe 3. 29: “Dequeue” FGV katdotacn Tov emtoyvveidpeTpoy kot FFT otn server ggappoyn

Ta dedopéva mov otédvovion puéom network stream Aopfavovror amd v client
epapuoyn oto “dataReceive” subvi (Zy. 3.30). Xt ovvéyelin tomobetodvion oto
queues tov client pe ™ Pondeia katdAniov FGVS. Ta FGVS avtd £yovv kot mdAt 2

KOTOOTAGELG — “enqueue” kot “dequeue” Kot avalbovTol TopoKaT.

[ enqueue ~]

nnnnn

Error Out
=

ErrorIn
o ¥l

[ enqueue ~]

[ engqueue ¥ *get ¥
q g

......

nnnnnn

Yympa 3. 30: ANy dedopévov ot client epappoyn

H xatdotacn “enqueue” eivon mapopota yio 0do ta data FGVS kot mepilapfdavet puo
“Enqueue Element” povutiva. O tOmog dedouévov dapéper ota. FGVS kot ota
capacitive sensor, signal generator feedback, load cell, current, strain gage ko1 PT100

etvon 1-dimensional array of double, evé ota emtayvvoidpetpa kor FFT givon 1-
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dimensional array of cluster of 6 waveforms of double. 'Eva napadstyua kotdotoong

“enqueue” amd to capacitive sensor FGV gaivetat oto Xy. 3.31.

action 1o "enqueue” vt

Queue Reference

capacitiveSensorJueueln capacitiveSensorQueueOut

3 il (] L 3

ErrorIn Error Out

i : ] : =

Yyfqpa 3. 31: “Enqueue” katdotaon tov data FGVs ety client spappoyn

H ¥éa omv client epapupoyn eivor 61t 100 véa ototyeic mov AapPdvoviar péom
network stream tomofetodvtol avd ToKTd ¥POVIKA SacTAHHATO GE (UEUES evd Eva
nmoaparinio VI ypaoet ta dedopéva ota tsv apyeio. ['a to tedevtaio Prpa exteleiton

éva‘‘dequeue” ota FGVS kat ta dedopéva mov e€dyovtat ypdoovtot oto tsv apysio.

H “dequeue” katdotaon eivor mopopola yo. to capacitive sensor, signal generator

feedback, load cell, current, strain gage kot PT100 FGVSs kot @aiveron oto Xy, 3.32.

action % M "dequeue” 't

Queue Reference
"""" N
BN
loadCellJueueln loadCellQueueOut
* i L Ll
I~
ErrorIn Errar Qut
o ? 4 1

Yympa 3. 32: “Dequeue” kotdotoon Yo to mepiocdtepa data FGVs otnyv client epappoyn
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O kddkag glvan Topopotog pe tnyv “dequeue” xatdotoon tolav FGVS oty server
EQAPUOYN TOL ovaAVONKe Tapamdve Kot To omotédleoua ivar 1-dimensional array of
double mov mepiéyet OAa to. 1-dimensional array ototyeio tov queue tomobetnuéva o

éva LETA TO GALO og éva gviaio Tivako.

H katdotaon eivar drapopetiky 6cov agopd v “dequeue” kotdotoon tov FGVS

TV emtayvvoldpeTpwv kot FFT, mov gaivetar oto Xy. 3.33.

action

m
= =
=}
m accelerometerQueueOutl
i
queue Ref In N E: m
[ ez _ -
=H
accelerometerQueucln (£ f 6B
& g
[l g ttas Ea - aceelerometerQueueOut?
i i
. |
ErrorIn = IJH Error Out
== E=E)

Iyfqpa 3. 33: “Dequeue” kotdaotacn FGV smrayvveidpetpov kot FFT ety client spappoyn

O mopambve KoK oeatpel Ola ta ototyeio and to. queues tomov 1-dimensional
array of cluster of 6 waveforms of double kot ta tonobetei To éva petd to dAlo o€ éva
véo 1-dimensional array (of clusters of 6 waveforms of double). ‘Eva for loop, mov
TpéEYEL 06EC POopEg Ooeg To PEyehog Tov mivaka, ympilel kabe cluster ota 6 waveforms
(X,Y,Z d€ovec v ta emtayvvotopetpa 1 kot 2 avtictoyya) kot dnpovpyel Eva véo
mivaka yro, kabéva amd avTtd Tov TEPLEYEL Ta avTioTorya dedopéva amd Ola ta. clusters
tomofetnuéva 10 éva petd 1o dAAo. Telikd, ot Tpelg doveg kGbe eMTAYLVOIOUETPOV
pali pe 1o xpovo (yio FGV emtayvveidopetpov) 1 m ovyxvomnta (yio FFT FGV)
ovokevalovial ®ote vo. dnpovpyncovy dvo Egxmplotovg 2-dimensional arrays of
double 4 omlov (xypdévog M ocvyxvomra, X, Y, Z). Me dlha Aoy, TO0 TEMKO
amotédecpo. givar dvo Eeywprotoi 2-d arrays (évag ywo kdbe emiToyLVGIOUETPO)
kabévoc pe ta otoyyeia X, Y, Z kor xpdvo 1 cvuxvotnto OAmV TV Snbéciumv

dedopévmv oto queue.

A@otov T, dedopéva, apapebodv and to queue oto “dataLoggingProcessClient”
subvi (Zy. 3.34), amobnkevovton oto avtiotorya tSV apyeio pe ) povtivo “Write To

Spreadsheet File”. Ta tsv égovv éva mpoxabopiopévo directory kor n data logging
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dladkacio yiveror TapdAAnia Kot Oyt oeplokd pe T ANYn 0edoUEVEVY KaBMS YEVIKA
N €yypaet| 610 6KANPO dlokog etvar pia ypovoPopa dtadikacio. Me tn cuykekpiuévn
vAomoinon, N Ay dedopévev cupPaivel adldrkomo avé TOKTA YPOVIKE SLOCTHHOTO
ka to data logging cvppaivel 6tav ot avaykaiol VIOAOYIGTIKOL TOPOL givar dabéotuot,

ypdoovtag OAa ta daféctpa dedopéva T GLYKEKPLLEVT GTLYUn oTa tSV apyeia.

* dequeue |

.............

Error In Error Out

L c\datalogging\current.tsv
o}

Yyfpa 3. 34: Data logging ey client epappoyn

Ortav ohokAnpwbei 1 AMymn ko to 10gging tov dedopévav, ta tsV apyeia pmwopodv va
avIypoeovv og véa tomobecio 6to okAnpo dioko, ypnoioromBovy yio m oyedioon
TOV YPOEIKOV TOPACTAGEDV 1 Y10l TNV TOPAYOYN TOV ovaQop®dV Le T PBondela twov
Matlab scripts. Ot Vo tehevtaie TEPTTMOOELS KAADTTOVTIOL UE AETTOUEPENL OTIC

EMOUEVEG EVOTNTEG,.
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3.5 Xvyypovicuogs inyng ocoouévav

O ovyypoVIGLOG TV GLGKEL®OV ANYNG dedopueEvmv oto PXI anodelyBnke o ex tov
peyolvtepov mpokAncemv. ‘Htoav amapoitmto va dwaceoiotel 6tt 1 Aqym eivon
oLYYpoVIGUEVT, KoBMG dtapopetikd M Owdikacio yapoktnpiopov dev Ba nMTav
aglomot Kot Adfog cuumepAcpaTo LTOPEL VO TPOEKVTTAV.

Ot ovokevég oL amapaitnTo TPEMEL va gival cuyypovicpéves peta&h toug ivar ta
slots 5 (PXI-4461), 7 (PXle-4330) ka1 9 (PXI-4461). To slot 5 AapuPdver perproeig
and to load cell xou current sensing board, to slot 7 and to strain gage evo 1o slot 9
and to capacitive sensor ko signal generator feedback kabmg kot Topdyst v £€odo.
Oleg avtéc emotpatevovy delta-sigma analog-to-digital converters, yeyovog mov
emPaiiel TeplOPIGOVE 6N dradikooio cuyypoviopuov. Ot cvokevéc ota slot 2 (PXle-
4357), mov hauPavel petprioeig omd to PT100, ko slot 3 (PXle-4496), mov Aapupdvet
LETPNGELS AO TOL dVO EMTOYVVGIOUETPA, OEV ATALTOVV TO 1010 emimedo axpifeag oto
oLYYXPOVIOHO KOl aVTOG €ival 0 Adyog mov ta tasks tovg dnpovpyovvtor Eexwpiotd

oto. “PT100DAQInIit” ko “accelerometerDAQINit” subvis.

O ovyypoviopdg tov slots 5, 7 kot 9 emttvyydvetar oto “initSyncStartStatic” yuo teot
Creep kot static-execution Hysteresis kot oto “initSyncStartDynamic” ywo teot
dynamic-execution Hysteresis avtiototrya. H vAomoinon avt enttpénel cuyypovicud
moAlomAdv DSA kaptdv pe dtapopetikd puBuod derypotoinyiog n ke pio.

Kot ota 2 mpoavagepBévta subvis, to PXle-4330 tov slot 7 opiotnke g m master
ovokevn. Ta slots 5 ko 9 opiotnkav wg slave. Ot cuckevég cuyypovilovtar pe ™
pébodo reference clock synchronization. Kot m master kot ot slave cvokevés
KAewdovouv ta analog-to-digital converters kot digital-to-analog converters tovg oto
pvOud evog shared reference clock oto micw pépog tov PXle chassis. I'a v eritevén
OV cvyxpovicpov, ta slave slots déyovtar éva onua mov mapdyeton and tn Master
oLOKEVT] G To Start trigger Tovg. Avto 10 epébiopa e&dyetar amd T Master cuckevy
otav to task g Eexwvd. Ta va yiver avtiinmtd oand 1i¢ slave cvokevéc opme, ivol
amapaitnto to. tasks tovg va Exovv apyicel Tpv amd avtd TG Master cuokevng. Avto

emvyyaveral pe tn doun Flat Sequence mov vdpyet kot ota 6vo subvis.

EmmAéov, efartiag e @Oong tov kaptov PXI-4461 (ota slots 5 xou 9), eivon
amopoitto vo aeopedel 1 KabBvotépnon mov eodyetol ond 10 YNeuokd Qiltpo.

AVTEC 01 KAPTEG XPNOLOTOLOVV EVOL YNOLOKO GIATPO Y10 VO 0QUPEGOVLY GUYVOTNTEG
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naveo omd T ovyvotnto. Nyquist, to omoio Ouwc odyel kabvotépnon emnedn
amotteiton £vog EAAYIoTOS apPOUOC SEIYUATOV OOTE VO AEITOVPYNGEL ATOTEAEGLOTIKAL.
Mo vo emrevydel avtd, extelodpe pio “dump” avayvoon OedOUEVOV HE TO OV
Eexwvnoouv ta tasks Tov cuokev®dv, katd v omoia daPdlovue doa otoryeia 6o TO
ywouevo g kabvotépnong (Al.FilterDelay DAQmx Channel property node) ue to
pLOud deryporoinyiog tov kavoiot (SampClk.Rate DAQmMXx Timing property node).

Eniong npwv Eexvioet 1o task oto slot 9, mpénet va exteleotel pia “dump” gyypoen.
Avtd oopPaiver yati €& opiopod éva task eEddov mpénetl vo mapdyel katt. H Avon
gtvan 1 eyypaen evog pikpod undevikod mivako mpwv v apyn tov task. O ehdyiotog
apOpoc onueiov egaptdtor amd T0 PLOUO JEYHATOANYING — OTNV TMEPIMTMOON LOG
(2kS/s) amortovvran 34 detypata — ahAd enedn €& opiopov 1 emhoyn Analog Output

Regenerationlz glvon evepyomompévn, o mivakag etvar povo 2 ctoryeimv.

Méypt avtd to onueio, Ta 6vo subvis givor idia. H dtapopd éykettal 6T1c TapapéTpong
tov task &£odov. Etnv mepimtwon tov dynamic-execution (dynamic-execution
Hysteresis teot), 0mm¢ avaeépOnke, 1 cuVONKN TEPUOTIGHOD €ival 1| OAOKANP®ONG
g emBountg petafoing oto eoptio. H €£0d0g Aowmdv dev €xel mpokabopiopévn
ddpkela 1 iterations ko cvveyilel va Topdyet v emAeypévn €£000 PEXPL T0 PopTio
va  oAokANpmoel Vv embount petafoAr). Avtd OlevkoAVvel TV €MAOYT|
napapéTpov tov task e£6dov, kabmg éva Continuous task pe apketd peydio buffer

emapkel. To “initSyncStartDynamic” subvi amrgikoviletotl oto Xy. 3.35.

Tympe 3. 35: “initSyncStartDynamic” subvi

2 To regeneration ava@épetol oty duvatdTTa TS GLEKEVAC Vo ‘avamapdyet delypata mov
mapnyaye mponyovuévms. Otav givor evepyomomuév, 6edopévo Tov £YoVV YPOPel GTOV
buffer | ™ FIFO enavaypnoonotovvtat. ‘Etol, pnopei vo emtevydel cvuveyne é€odog ympic

to LabVIEW va ypdoel cuvéyeia véa dedouéva otov buffer.

96



H mepintwon static-execution (Creep or static-execution Hysteresis teot) givar mo
moAvTAokn. H ouvOnkn TepUOTIGHOL TOV TECT G OLTH TNV TEPITTOON Eivor M
napaymyn g embountig e£66ov. Apa 1o task e£6dov mpénel va oprotel wg “Finite
Samples” kot o apBpdg TV ctotyeimv mov Ba mopoyBodv mpémel vo kabopiotel
akpifdg. O VTOAOYIGHOG TV GTOlKEIOV Jl0PEPEL OVAAOYD LE TOV TOUMO TOV TECT
(Creep n static-execution Hysteresis). tnv nepintmon tov Static-execution Hysteresis
1e0T, 0 apOuoOg avtdg gival to yvouevo tov mediov the “lterations” amd tov
avtiotoyo mivako eléyyov (Xy. 3.18, «kdtow-apiotepn yovia) pe TO  pLOUO
detypotoyioc. Avty n mepintmon @aivetoar oto “initSyncStartStatic” subvi (Zy.

3.36) yio v katdotacn “Hysteresis” tov case structure.

Yympe 3. 36: “initSyncStartStatic” subvi

¥t mepintoon tov creep (Zy. 3.36, kordotoon “Creep” tov case structure), o
ap1Budg onueiov mov npénel va mapoyHovv givar To yivouevo tov nedionv “# of steps”
Ko “step duration” tov avtictoyov Tivaka eAéyxov tov Creep 1e6T Tov GaiveTol 6To
2y. 3.16. To amotélecpa morramhacialetar ent 4 efontiog ™G HopeNg Tov Creep
onuotog o€yepone (to amotédecpo omAactaleTonr AOy®m TG evorlhayng peta&d
otafepng TG Kot PeTOAALOIEVOL eMTEOOV TAONG Kot EavadimlastaleTor Adym g
avéovcag kot Oivovsag Hong Tov onuatog). To amotédespa ToAATAOGIALETOL [LE
T0 pLOUS detypatoAnyiog Kot €161 TPOKVTTEL O aplOUdS oNUEiwV.

Kot otig dvo meputtooelc, to péyebog tov buffer e£6oov opiletar oty idto Tiun pe to

poOud derypotonyiog (2000) kot o apBudc tov onueimv mov Oa mapayHovv
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av&avetor katd Eva péyebog Alyo peyoivtepo and dvo buffers (4002 onueio oty
TEPINTOON pHag) Yo Adyovg mov Oa yivouv eueaveic oty enduevn mapaypoeo.

Mia onuavtikn dotnta g delta-sigma PXI-4461 kdptog mov ypnoiponoteitan yio
v £€0do eivar 0t e€autiag Tov oversampling mov cvuPaivel Aoy Towv delta-sigma
converters, n é£odog dev pmopei va petafindet axoproio amd v apyikn UNdOEVIKN
T ¢ omwg opiotnke mpwv v évopén tov task. Xpewdletoaw dvo sampling
nep1odove, mov onuaivel 4000 onueia, oty mepintoon Finite Samples (Creep kot
static-execution Hysteresis teot) ot pwo. sampling mepiodo, mov onuaiver 2000
onueia, oty mepintwon Continuous samples (dynamic-execution Hysteresis teot)
wote 1 €£000¢ va mapayel Tig véeg TipéS. 'Etot, v ototikn ektéleon, ypedletor 2
devtepOdrenta and v évapén tov signal generation péxpt n €€0dog va mapdyet Tig
Tipég. Méypt tote, n €€odog mapdyer v ) 0. To 1610 woyvel Kan yo dvvopukn
extédeon pe t dapopd 6t kabvotépnon givar 1 dgvtepodrenro.

H ovunepipopd avtn dev amoterel mpoPAnua, aArd kabmg 1 £€£000¢ Kot 1 avéyvoon
amd Tovg astnpeg TpEYovV mopdAANAa Kot Eekvodv TV 101a oTiyun, To dedopéva
TOV TPOTOV deVTEPOLETTOV Elvar dypnota. H Adon givar va unv Eekivioet 1 cuAloyn
(“SyncedAcquisitionProcess” subvi) kat 1 aroctoAn dedopévav pécm network stream
(“dataSend” subvi, Xy. 3.26) péxpt to dedopévo mov yphotnkav otnv ££0060
(TotalSampPerChanGenerated DAQmx Write property node) vo eivar 4000 yia
otatikn extédeon kot 2000 yio dvvoptkn ektédecr. Avtiy v epyacio avaAapPavet
10 “removeJunkSamples” subvi mov eaivetol 6to Xy. 3.8. O k®dKAG TOV PaiveTal GTO
Yy. 3.37. H tyun tov opiopatog “JunkSamples” givor 4000 yuo otatikn ektéleon Kot

2000 yia dvvapuk.

Error In ] Error Out
B Y - DAGx Write pr| N N oot

JunkSamples
b

Yympa 3. 37: “removeJunkSamples” subvi
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Axopa ko €tot, amouteiton £vor akOUa PriHo Yoo TNV OAOKANPOTIKY AmOppyn TV
Gypnotov detypdtmv. Otav Eekvave ta tasks ei.cddov, ta input buffers tovg yepilovv
pe dedopéva. Ta dedopéva avtd eEdyovtarl Omote dievepyeitan o Aettovpyio Read.
‘Etor, 10 mpota “Read” mov ektelovvror yo OAEC TIC GLOKELEG OTO
“SyncedAcquisitionProcess” subvi 0a éBalov ota queues kot v TéAel Oa Eotedvay
dypnota dedopéva. I'a va amopevyBel avtd, amoppintovpe TO. OEGOUEVO TOV TPDOTOV
Read kot otnv 0éom tovg TomoBetovvTal Kevoi mivakeg. Avth 1 diepyacio gaivetat

oto Xy. 3.38. To emduevo Read cvpPaivel 1660 ypiyopa mov dev YEvovTol ToAVTIL

dedopéva.

"aet | ** ENQUELE 7|
To(True ~p

ErrarIn

gg

Analog 2D DBL _ 0
NChan NSsamp 0

NChan NSamp

if the array is empty, §
performing the "mean” vi will|
result in LeadCell -> NaM i

Error Out
5|

Analog 1D DBL _
1Chan NSamp

>

Yyfqpe 3. 38: “SyncedAcquisitionProcess” subvi 1° iteration

3.6 I'pagixn avamapdotac 0E00uEvmy

Ta dedopéva TV 1SV apyeiov mov meptypaenkay oto vrokepdaiato 3.4 “Awyeipion
Agdopévev” umopohv va ypNGLULOTOMBoLY Yo TV OTEIKOVIOT) T®V dEOOUEV@V. Tnv
gpyacio avty avorapPaver to “graphCreationClient” otv «xotdotoon “Post-
processing options kot Front Panel” ¢ spoppoync client, o wivakag ghéyyov tov

omoiov eaivetot oto Xy. 3.39.
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Tyfqna 3. 39: “graphCreationClient” subvi

370 TOvVe KOUUATL TOL TTivaka eEAEYyov vtapyovv tabs yia v emdoyr Tov emtBountod
dwyphppatog. O emdoyés eivor All-in-one (évo cvykevipotikd Sidypoppo mov
anewkovilel Tovtdypova Kol e cvyypoviopd petad tovg to. Strain gage, load cell,
capacitive sensor, current kot signal generator feedback dwaypdppoata), strain gage
plot, load cell plot, capacitive sensor plot, current plot, signal generator feedback plot,
PT100 plot, accelerometer 1 plot, accelerometer 1 FFT plot, accelerometer 2 plot kot

accelerometer 2 FFT dwypdupata. Etnv K4To 0plotepr] yovio Tov Tivaka EAEYYOV,
T0 Kovumi “Done” teppotilet to subvi.

O kmdkag Tov subvi eaivetar oto Xy. 3.40. Ta dwypdppata strain gage, load cell,
capacitive sensor, current, signal generator feedback xot PT100 oyedialovron
anevOeiag dapalovtag To avtictoryo tsv apyeio. Ta accelerometer 1 kot 2 emagpievton
oV 10100 AOYIKN Kol TO TEAKO OMOTEAEGHO YO, KAOE €mMTOYLVOIONETPO €lvan €va

Stypappa 3 ocvvictwom®v — X, Y kot Z (mov pmopovv va gvepyomomnfoldv Kot

anevepyomoinovv Yo KaADTEPT EMOMTEID).
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% c\datalogging\strainGage.tsv

b c\datalogging\loadCell.tsv

All-in-one plot

|“n ci\datalogging\capacitiveSensor.tsv|

[
o [
H
Double Done
Error Qut
ErrorIn v} [a ]
=8 - . o]

B c:\dataLuggmg\acce\erometarlFFﬂtsv}'mm (5] & c:\dataLoggmg\accalammaterlFﬁ.tsvf—mml (5]
Grash Grash
{_Cliens b

Tab Control

1 c\datalogginghaccelerometerl tsv

% c\datalogging\PT100.tsv

Yypa 3. 40: Kodwkag “graphCreationClient” subvi

H oyediaon tov FFT dwypappdtov ntav mpdkinon Kabog ta dedopéva Enpene vo
tagwvounBobv kat’ avéovcsa cvyvotra. Ta cocpéva dedopéva oto FFT tsv apyeio
&yovv N doun mov KAnpovoundnke amd v “dequeue” katdotacn — omiadn, 1-
dimensional array of cluster of 6 waveforms of double torobetmuéva 1o éva petd to
dAlo og éva véo povodtdototo mivaka. [Ipakticd n popen ivar avt g oplotepnc
mhevpdg Tov Zy. 3.41. Xe avto t0 oyfua Exovv amopovmbel povo 4 cuyvotnTeS aALA
N Aoy etvon dw. o va a&roromBovv ta dedopéva, mpémet va ta&tvounbovv kat’
avéovoa cvyvotnta (otAn“F” oto Xy. 3.41). To emBountd anotéheoua paiveTol oTn
de€1a mievpd tov oynuotog. Tnv gpyacio avty avorapPaver to “FFTGraphClient”
subvi (Zy. 3.42), mov ta&wvopei ta dedopéva kat’ avEovca cuyvOTNTA Kol VTOAOYILEL
™ péon Ty o kabe cuyvotta tov kabe dova (X, Y kot Z). Ta amoteléopata ot
ocuvéyela amekoviCovton oto odypappa FFT to omoio €xetl 3 cuvictdoeg — X, Y ko Z

— IOV UTOPOVV VoL EVEPYOTONBOVV Kot amevEPYOTOBoHV Yo KAAVTEPN ENOTTE QL.
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0
9.765625
19.53125
29.29688

0
9.765625
19.53125
29.29688

0
9.765625
19.53125
29.29688

file path (dialog if empty)

X Y
0.514107 1.020329
0.510089 1.010979
0.498094 0.983271
0.478305 0.938213
0.258195 0.49617
0.259848 0.493711
0.264513 0.486558
0.271385 0.47535
0.301238 0.538313
0.304762 0.537017
0.314646 0.533105
0.329094 0.526503

F 4
1.135178
1.119166
1.071929
0.995816
0.717426
0.712039
0.695951
0.669416

0.61198
0.611854
0.61114
0.608925

—>

0

0

0
9.765625
9.765625
9.765625
19.53125
19.53125
19.53125
29.29688
29.29688
29.29688

X
0.514107
0.258195
0.301238
0.510089
0.259848
0.304762
0.498094
0.264513
0.314646
0.478305
0.271385
0.329094

Y

1.020329

0.49617
0.538313
1.010979
0.493711
0.537017
0.983271
0.486558
0.533105
0.938213

0.47535
0.526503

Yympo 3. 41: apyki popen} dedopévov FFT (aprotepd) ko emOopnt (8&1a)

count how many 0 there are in total
-> how many iteratiens we have

Yympa 3. 42: “FFTGraphClient” subvi

F 4
1.135178
0.717426

0.61198
1.119166
0.712039
0.611854
1.071929
0.695951

0.61114
0.995816
0.669416
0.608925

Ocov agopd to All-in-one ddypappa, ta subvis “unifiedLengthArrayClient” ot

“normalizeArrayClient” dtaopoiilovv TV 60OTH anelkdviom.

To subvi “unifiedLengthArrayClient” (Zy. 3.43) diac@olilel 6Tt OAL Ta HESOUEVO TTOV

e€ayovtar amd To SGpopa SV apyeion €govv to 1610 pnkog (gpoppolovrag

downsampling vroioyiCovtag ™ péon TN TOV QPUPOVUEVOV GTOLEI®DV), EVD TO

subvi “normalizeArrayClient” (Zy. 3.44) xavovikomolel Tig Tiég, ®oTe T0 MOAVO

gbpog TV va gtvar petagd 0 ko 1 Kot to Stoypappato voL GOUTITTOUY.
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Min
132 N
Same Length as min array
0 - :
H ST

= . MEAN
Input Array L #
»
ErrorIn E. L Error Qut
[E=:k v = S|

Yympo 3. 43: “unifiedLengthArrayClient” subvi

Mormalized Array

Input &rray = I>

b ] & I>' IE> '
ErrorIn Error Qut
[E=tk po ]

Yympa 3. 44: “normalizeArrayClient” subvi

3.7 Meremeéepyaaio Matlab

H National Instruments diver t duvatdtnta tpocdnkng text-based eneéepyaciog kot
avéilvong onudtov Kot padNUOTIKOV VTOAOYIGUAV GTO YPAPIKO avamtuSloko
nepifdriov tov LabVIEW pe 1o emmpocOero module “MathScript RT”. To
MathScript RT pmopei va tpéyel eviodég mov éxovv ypaptel angvbeiag otov kOUPo
MathScript 1 vo tpé€et apyeia .m. H gvehé&ia mov ewodyet givar peydin kobog
EMTPEMEL OTOVG YPNOTEC VO EKTEAEGOVV GULVOETOVG HOOMUATIKOVS VTOAOYIGHOVG
YPNOLOTOUDVTOS VLTAPYOVTIO .M apyeion KoL VO TPOYUOTOTON|GOVYV OVAALGY] EVAD
oLAAEYoLV dedopéva. ‘Eva mapdaderypa tov képpov MathScript paivetar oto Xy. 3.45,
Omov M dMAwon TV €60dwV Tov KOUPOL PploKETOl GTNV OPLOTEPT] TAEVPA TOV
TAG10V, 0 KOOWKOG otn puéon kot 11 dNAwon tov e£6dwv Tov KouPfov oty o6e&ld

TAeVPA oV TAausiov. [63]
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{3 Instrument P2_1.vi Block Diagram e ()

Eile Edit View Project Operate Jools Window Help
> [@n][@]e] v o 7 st

-

[ores i % S of an M-paint Moving Average Filter |y S~
A % Generate the input signal e~
l 4 ns 0 4 High frequency componen!
Lesis 5 s1 = cos{z*pi*flow*n); % A low-frequency sinusoid 2k b
— 6 = cos( pithigh*n); % A high frequency sinuse )
Desired Length 52 = costi"pi‘thigh*n);
et x= siesi )
ooy 8 % Implementation of the mowng average hiter pone s
= ) num = ones(l,M); I
10y = fiter(num, 10/M:
Time DQIEI 4 M
@ | O

Yympa 3. 45: MathScript koppog

H dvvatdémro va ypnotporomboiv ansvbeiag Matlab apysio sivar avektiunm oty
epinTOOoN paG, KOOGS EMTPENEL TOV AVTOUOTO VTOAOYIGHO TOV WO0TATOV Creep Kot
hysteresis mov pog evdlapépovy Tpéyovtag ta “creep.m” ko “hysteresis.m” Matlab

scripts avtiotoyo (0 K®dKAG TOV 0moimV givar cuvnupévog oto Iapdptnua A).

YuyKekplpéva, pumopovue va eyedracovpe to hysteresis loop kot va vroloyicovue

to peak-to-peak displacement, hysteresis percentage kot hysteresis loop area.

Ocov apopd 10 @owoupevo creep, omwg e&nyndnke oto vmokepdiaio 1.5.2, 1

GLVAPTNGT TOL TO TEPLYPAPEL EvaL 1 akOAoVON:

L) =L, [1 + v logio (ﬁ)] )

omov L(t) eivan n petatdémon tov meloniektpikod otoryeiov ywo otabepn thom, L,
elvar  ovopaotik perotomon 0.1 S petd v gpappoyn g Tdons kot y ivatl o
napdyovrog epmucpov (creep factor) mov kabopilel To pvOUSG TOL AAYOpiOuOv.

H ocvvdpnon pmopet va Eavaypaptel oc:

L(t) =a+ b xlogqg (é) )
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6mov 1 otabepd b ovopaletar otadepd epmroopod (creep coefficient). And 1o

“creep.m” Matlab script, sipacte o€ 0éon va Tnv voloyicovpe yio Oha To ewineda,

TAGMG TOL Creep teot T0c0 Yo Negative 66o kat yo positive saturation (av&ovra kot

eOivovta enimeda tdong avtiotoyn) kat vo eyedidcovpe to creep effect ava

TEPITTOON.

3.8 Avtouatn onuiovpyia avapopdg

Onwc avoeépbnke, po extloyn mov mpooeépetol uetd to téAog tov logging tov
dgdopévov etvar n avtouatn dnuovpyia avaeopds. Tnv epyacia avariapPdver to

“reportOptionsClient” subvi, To onoio gugavilel 610 YpNoT TOV TIVOKOL EAEYYOV TOVL

2y. 3.46. 210 oynuo eaivovtol OAOL Ol VITOTIVOKEG.

Please fill in the report details

- Comments
Auther
Date
Hysteresis Creep | Leakage Current
Enable Data Folder Path
— £ —
® f =)
Sampling Frequency Static Execution ‘ Dynamic Execution |
[2kitz |]
b Constant Load
R e I Co—
(mpli Number of periods

|

|

Generate Report

Constant Qutput Wave Output

Signal Type

Sine Wave =]

Amplitude

v ]

Frequency

Static Execution Dynamic Execution

Load
[ LIN
Motor Speed
(rem
Movement
Triangular Movement (=]

Iterations(in case of triangular movement)

[——

Hysteresis Creep Leakage Current
Enable Data Folder Path
¢ B f —
- B i |
Sampling Frequency
|2z \]

Amplitude Range
L1V

MNumber of steps

Holding time

= 1

Hysteresis Creep Leakage Current
Enable
-
Sampling Frequency Table
[21z \] Voltage (V) Average Leakage Current (uA]

Amplitude Range
L1V

MNumber of steps

Holding time

(EE—

Yympa 3. 46: Front Panel tov “reportOptionsClient” subvi pe 6heg i mBavég emhoyég
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[Tpog 10 mapdv, 1o subvi pmopel vo mapdysr Hysteresis, Creep 1| Leakage Current
avaQopEg aAAA M Alota pmopel vo emektafel oto pEAAov. O ypnotng pmopet vo
TAPAYEL OTOLOONTOTE GUVOVAGHO TV TPOUVOUPEPHEVTOV TOTOV aVaEOPAg TELOVTAG

10 avtictoyo “Enable” kovusi mov vrdpyet oe kabe tab.

O ypnomg umopei vo copminpocel to medior “Title”, “Author” xou “Date” tng
avaQopdas 0ALG 6€ TEPITTMOOT OV dev GLUTANP®OOVYV, 01 TPOEMAEYUEVES TIUES glvat
“REPORT on Piezo Characterization”, “Bench User” kai 1 nuepounvio Kot @po. Tov
OLGTHLOTOG THY Mpa dNpovpyiag ¢ avagopds avtiototrya. To comments box eivon
TpoapeTikd. O ypNnotng pmopel ot cvvéyelo vo emAéEel Tovg emtBuuntods TOTOVG
avaQOPAg Kot VO GUUTANPAGEL TIG TOPAUETPOVS TOVG.

Otav matbei to kovuni “Generate Report”, 1o subvi “reportGenerationClient”

nmopodoteitar pe Tig kabopropéves mapapétpovs. To subvi aiveton oto Xy. 3.47.

¢ Centered |
g (0 i =)
Title fir g;» By | ] ﬁ -] H
FileParameters Ftho: L E;' H
3 B B
Comments = [z
True ) True =] True ~]
HysteresisParameters CreepParameters LeakageParameters
IED-] IEP-] IED:H

Error Out
=

Yympo 3. 47: “reportGenerationClient” subvi

To subvi &exwvd onpovpydvtag pa avoaeopd og Word kot to nedio Title, Author ko
Date tomobstobvtan otnv kopven g Onmg avaeépbnke, vrapyovv case selectors
OV POPTAOVOVV TIG TpokaBoplopuéveg TIHEG av To medior dev CLUTANPWOOOLY GTOV
nivaka eléyyov. ‘Eva aAlo case selector avayvmpiler av To comments box givat adeio
Kol o€ epinTmon mov dgv glval, mpocshitel Ta oyoMa KAtw omd v nuepounvia. To
aKOAOVOO KOUUATL KOOKA avoyvopilel molot THmol avaeopds evepyomomOnkay Kot

TPEYEL TO. avTioTOLYD SUbVIS.
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To subvi mov yepiletar tnv Hysteresis avapopd eivon to “hysteresisReportClient” ko

eaivetonl oto Xy. 3.48.

L [hw,p2p/hp] = hystere:

reportin E

5 2 p— ) [

s

Yyfpa 3. 48: “hysteresisReportClient” subvi

To subvi mepilappaver éva MathScript koppo mov tpéxst to Matlab apyeio
“hysteresis.m” ota apyeio dedopévmv mov Ppickovtol 6Tov AaKeL0 oV VIOdElxONKe
oto nedio “Data Folder Path” tov mivaka eléyyov dnpovpyiag avagopdg (Xy. 3.46).
Ta omotehéopoto NG peTemeEepyociog KOl TO  OVTIOTOWO  OlOypPOUUATO

EMGLVATTOVTOL GTNV OVOPOPAL.

Avo onpeio dlo avapopdg sivar 6tt ko ta dvo apyeia Matlab, “hysteresis.m” xa
“creep.m”, Bpickovton oto mpoemieypévo MathScript directory, to omoio givar “\My
Documents\LabVIEW Data”. To mpoemileypévo MathScript directory pmopei va
aAlaytel and to LabVIEW Tools menu aAAd o€ omolodnmote Tepintmon yio va gival
omotodnmote Matlab apyeio mpooPdoyo omd to MathScript, npémer vo egivor
tomofetuévo oto evdedetypévo tpokabopiopévo directory. To dgbtepo onpeio ivor
ot ta Swypdppata wov dnpovpyodvral omd to Matlab dev pmopovv va mepactodv
anevbeiag oto LabVIEW. T'U avtd to Adyo Kotd Tnv €KTEAEST, TOGO TOV
“hysteresis.m” 6c0 ka1 tov “creep.m” ta. mopaydpeva dtoypaupato omxodnkebovial o
pae wpokaBopiopévn tomobesio Tov okAnpol dickov. Ta dwaypdppoto ovtd ot
GUVEYELDL POPTMOVOVTOL A0 TV TPOKAOOPIoUEVT] TOTOOEGIN KOl ETGVVATTOVTIOL GTNV
avaQopd.

To idw0 oyvetl kot yuo v Creep avageopd, 6mov to subvi mov yepiletor v Creep

avoeopd givar to “creepReportClient” kot gaivetat oto Xy. 3.49.
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Yympo 3. 49: “creepReportClient” subvi

Y& ovtd to subvi, o MathScript koépupoc tpéxer to Matlab apyeio “creep.m” ot
apyelo dedopévav mov Ppickovtar otov eakelo mov vrodeiybnke oto medio “Data
Folder Path” tov mivaka eAéyyov dnpovpyiag avapopdc mov eaivetol oto Xy. 3.46.
Ta omotehéopoto NG METEMEEEPYOOIOG  KOU  TOL  OVTIOTOWO  OlOYPOUUATO

EMGLVATTOVTOL GTNV OVOLPOPUL.

Téhog, v avoeopd Leakage Current yepileton to “leakageCurrentReportClient”
subvi, mov amewoviCeton oto Xy. 3.50. To Leakage Current teot eivan évag tpomog
eAEYYoL av 0 meConAeKTPIKOG EVEPYOTOMTIG EIVOL GE KAAT AEITOLPYIKY KATAGTOCN 1)
Oyt (axépa kor av dev umopet vo mapatnpndel pe youvo o@bBaipd). Metpmvtog to
pevpa dtoppong eipaote oe BEon vo eEAEYEOVLE YOPIC KOTAGTPOPIKE OTOTEAEGLATO OV
0ol MAEKTPIKES WO10TNTEC TOL OTOWEIOL OVTIOTOWYOVY o€ avtéG mov opilel o
KATOOKEVOOTNG. XUVNO®G Ol KOTOOKELOGTEG TOPEYOLV TO KOUTMOPAL PEVUATOG
Slppong Yo dtpopes THEG Tdong KAt amd To omoio to otolyeio Bewpeitar Ot

Ae1tovpyel Kavovikd.

E

o [ il i

[Output “}— 7|

7

Extracted figur

Tympe 3. 50: “leakageCurrentReportClient” subvi

Ye avtifeon pe ta Hysteresis ka1 Creep subvis avapopav, owtd to subvi dev tpéyet
Kkamowo kmowo, Matlab. To pevpa doppong mpog to mapdv HeTPLETon pe eEMTEPIKEG

OLGKEVEC KO TO. OMOTEAEGLOTO TOL TEGT UMOPOVV Vo elcayBodv GTov ovTicTolyo



nivaka mov Ppioketor oto “Leakage Current” tab tov zmivaka eiéyyov dnuiovpyiog

avoeopdg (Zy. 3.46). O wivakag anTtdg GTNY GLVEXELN ENGVVATTETOL GTNV AVOPOPJ.

Téhog, 10 tehMkd otddio tov “reportGenerationClient” subvi (Zy. 3.47) eivon
amobfkevon g avoaeopdc 6to okAnpd dicko. To LabVIEW dev npocpépet kdmoto
TpOmo Yo vo. cmbel  avagopd wg pdf apyeio. Onwg mpooavagépbnke, N avoaeopd
oV mepimtmon pog eivar éva apyeio Word kot cuvenmg émpene va Ppebei €vag

TpOMOG va petatpomel avtopata o pdf péoa omd to LabVIEW.

H Mon mov epapuootnke NTav 1 €MOTPATELST €VOG €1KOVIKOV ektvmmT (Virtual
printer). Onwg @aivetar otov k®dwa tov “reportGenerationClient” subvi oto Xy.
3.47, 6tav 6\ T emheypéva oTotyEla £XOVV EMGLVAPTEL GTNV AVOEOPA, 1) avaPopd
OTEAVETOL TPOG EKTOMMOOTN OTOV eKTLAWTY HE To Ovopo “PDFCreator”. Otav 1
avoeopd tunwbel o¢ pdf opyeio, amoppintetar kKabmdg Oev cuLVIpEYEL AOYOC

anobnkevong tov apysiov Word.

Yrdpyovv moAloi &ewkovikoi ektummTég Owbéotwor online aAld oe avt) Vv
nepinmton N Pacikny amaitnon wov KaBoOpieeE TNV EMAOYN NTAV 1) SOLVATOTNTA VO
ooletar 1 avoeopd ¢ pdf ovtopato ywpig kamowo pop-up mapdbvpo. Ot
TEPLGGATEPOL EIKOVIKOL EKTVTTOTEG ERPavIlovy €va POP-UP mapdbupo 6oL 0 ¥PNoTNG
KaAeiton va emAéEet to directory kot vo kafopicetl TapapéTpovg Tov gyypaeov. I'a va
Kévoope v dnuovpyie avagopds 0G0 MO AVTOUAT Kol OOGKOTN OladtKacio
yivetar, kpibnke amapaittog £vog £1KOVIKOG EKTUTIMTNG OV Bol UTOPOVGE VO CAGEL
aVTONATO TNV avopopd o€ pia Tpokabopiopévn tonobeaia.

O &ovIKOG EKTUTTOTNAG TOL KAVOTOlEl GVTEG TIC OMOUTNCELS €lval GE€ oV TNV
nepintoon o “PDFCreator”. Tlpdkettar yio €vav €KOVIKO EKTLUTMOTY] TOL &ivat
dwbéoog online dwpedv kot omv wepinmtmon poag el oplotel va amobnkevet
avtopata ta mapayoueva pdf apyeio o po tpokabopiopévn tomobecio Tov GKANPOY
diokov (“\My Documents\”). Qg ovoua tov mopoyopevov pdf apyeiov opiletar M

NUEPOUNVI KOl PO TOL GUGTNHIATOG .
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Amoteléouara

2KOTOG TOL TOPHVTOG KeEPaAaiov gival 1 TopdOeon eVOEIKTIKOV OmOTEAECUATOV LG
TUMIKNG O00KAGIaG YopaKTNPIGHoD mefonAekTpikov evepyomomt. Ta TeE0T MOV
deENydnoav dev KaAOTTOLV OAES TIG TEPIMTMOGELS MGTOCO EMAPKOVV Y10l TNV TPOPOAY
NG aVOPOPES KOt TOV OTOTELECUATOV TOV TOPNYONGAV AT TO AOYIGLUKO.

2V TPOKEEVN TEPITTOOT, Tpaypotomombnkay tpio SoPOPETIKA TE6T GTOV 1d10
melonAekTpiko evepyomomt: éva teot hysteresis, éva creep ko éva leakage current.
Ocov apopd to TpdTo, TPoOkeLtal yo. Eva Static-execution hysteresis teot 6mov 10
eoptio eivar otabepd ota 500N ko to signal generator mopdyet 10 meptodovg
nurtovoeovg kopotopopeng 1Hz petad -20V xor 150V. Ocov agopd 1o Creep
16T, T0 €Vpog thong eivar [-20, 150] V kot o apBudg Pnudtov 5 (ta evdidueca
eminedo tong eivan 14V, 48V, 82V ka1 116V). To holding time (didpkeia Prinotog)
opiotnke ota 5. Téhog, to leakage current teot npaypatonomdnke o éva Keithley
237 High-Voltage Source-Measure Unit. To peopo dwappong petpninke yuw 600
enineda téong — SV kv 150V. H ovyvomta detypatoinyiog e cvokevng eivon 1

KHz chupmva. e Tov KaTaoKeLaoT.

H avapopd kot to amoteAéopoto mov mopNyncay €TICLVATTOVTIOL OTIG EMOUEVES

oeAOEC.
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REPORT on Piezo Characterization

By Bench User

13/05/2014 - 17:48

Comments: Keithley 237 High-Voltage Source-Measure Unit used for leakage current
test.

Current threshold acceptance limit as proposed by the actuator manufacturer: <100uA
at 150V, <3.3uA at 5V.

Measurement Description (Hysteresis Loop)

Output Parameters: Sine Wave, Amplitude [-20, 150] V, Frequency 1 Hz

Execution Parameters: Static Execution, Constant Load 500 N, 10 periods, Sampling
Frequency 2 kHz

Post Processing

Extracted figures of merit: Peak to Peak Displacement, Hysteresis Percentage,
Hysteresis Loop Area.

0 Peak to Peak Displacement: average the cycles and compute the difference
between the maximum and minimum displacement values.

0 Hysteresis Percentage: on the averaged loop, compute the maximum difference
of the displacement between the ascending and the descending branches for a given
input voltage. Normalize it to the peak to peak displacement.

0 Hysteresis Loop Area: on the averaged loop, compute the area within the
ascending and descending branches.

Results

Peak to Peak Displacement: 33.648 um
Hysteresis Percentage: 38.879 %
Hysteresis Loop Area: 13.082 V um
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Measurement Description (Creep)

Output Parameters: Step-like waveform, Two sequences, Amplitude Range [-20, 150]
V, 5 steps, Holding time 5 s

Sampling Frequency 2 kHz
Post Processing

Extracted figure of merit: Creep Coefficient — b (V).
It is obtained by a linear fit on the displacement acquired waveform over a
logarithmic time scale.

Results

Voltage Levels | 14 48 82 116

b [um] (from | -0.039625 -0.048713 -0.059391 -0.041306
Neg. Sat.)

b [um] (from | 0.151352 0.090981 0.048826 0.033962
Pos. Sat.)
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Voltage Level: 14 W
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Measurement Description (Leakage Current)

Output Parameters: Amplitude Range 5V, 150V, 2 steps, Holding time 60 s
Sampling Frequency 1 kHz

Post Processing

Extracted table of merit: Leakage current value.
It is obtained computing the average value of the steady state current during the
holding time of the step-like input voltage waveform.

Results

Voltage Average Leakage Current
5V 40nA

150V 0.6uA
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Eniloyog

5.1 Xvvown kou counepdcuata

H nepopotikn dtdtaén mov avortdydnke ko o kodwog LabVIEW mov ™) cuvodevet
amoTEAOVV vl TOAD YPNOYO €pYyaAeio, mOv Umopel Vo EKTEAEGEL YOPUKTINPICUO
TECONAEKTPIKAOV  EVEPYOTTOMTAOV HE OEOTIOTIOL KOU VO HOG  TOPEXEL  GUECH
amoteléopato Kot avoeopés. H aglomortia kot akpifeia tov épovv dwamotmbel amd
TN  OUYKPION UE  KOTOYEYPOUUEVO —OTOTEAECUATO  OAQOP®V  PLOUNYOVIKOV
TECONAEKTPIKAV EVEPYOTOMNTOV.

H nepapatiky didran propei va ypnoyronomel 1660 yio va mopEyel amoTeAECHLATO
avé Tdoo oTiypr] 0G0 Kot Yo TOV ETUANOEVON TOV YOPOKTNPICTIKAOV TOL TOPEXOVTOL
amd TOVG KOTOOKEVOOTEG TIECONAEKTPIKAOV €VEPYOTOMTOV KaOMG KOl YL TOV
eMOVELEYXO evepyomoMTO®V TOV €Yovv petpnbel o610 TopeABOV aAAL  Kdmol
TapApeTpog €xel petofAndel — yio mopddstypo o@OTov €yovv  akTvoPoinbet,
umopoVue va eEAEYEOVLE OV TO XOPOKTNPIOTIKA TOVG peTafdAiovtol pe avéavoueva

enineda aKTvooAncnc.
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5.2 MelAoVTIKES EMEKTACEIS

To yeyovog 611 10 Aoyiokd givar ypoupévo og LabVIEW onuaiver 6t umopei vo

TPOGUPUOCTEL EDKOAO KOl YPIYOPO GE OTOLAONTOTE LEALOVTIKY] OVAYKT).

Avo mBaveég Bedtidoelg mov Oa emékTEVAY TN AEITOVPYIKOTNTA TNG dtdtagng eival ot
akolovBec: Apyikd, n owdtaln Ba pmopovoe vo tpomomondel dote vo umopel va
dlevepynoel €vo TANPES TEGT PEVUATOG SLoPPONG. ATl va peTpdpe to pedpa dStouppong
pe eEMTEPIKN GLOKEVT Kol UETA va mepvape To amotedéopoto oto Leakage Current
Report Generation tab, 6Ao 1o teot Oo pmopodoe va exteleitarl ot drdtacn. Av avto
amodeyfel moAd moAvmAoko, po GAAn mbavotnto Bo TV Vo EOPOLOCOVLE Lo
GUVOEDT LE TNV EEMTEPIKT GUOKELT UETPNONG, MOTE TO OMOTEAEGLLOTO VO TEPVIOVVTOL

QVTOUATO.

To id10 1oyvet kot yo to teot Eumédnong (Impedance test). H dievépyeia tov teot O
umopovce va mpootebel wg Aettovpyia ot dtdtaén N av ovTd €ivor TOAD TOATAOKO,
N &dpaiwon obVOEoNC HE TN OLOKELN] UETPNONG MOTE TO OMOTEAECULATO VO

petagépovtat avtopota B eraprovoE.
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Hopaptnuao A

Ko owag Matlab

Al. “Creep.m”

function [bl,bh] = creep(position,v PXI,vlevels,sampling,window)

v = v _PXI;

x = position;

Voltage levels = vlevels;

t = l:max(length(x),length(v)):
t = t/sampling;

tolerance = 2;

dt = ;

v_low sat = v(l:floor(numel(v)/2));

x_low sat = x(l:floor(numel(v)/2));

time low sat = t(l:floor(numel(v)/2));
v_high sat = v(floor (numel(v)/2)+1:end);
x_high sat = x(floor(numel(v)/2)+1:end);
time high sat = t(floor(numel(v)/2)+1:end);

figure('Position', [ 1)
hold on;
for i = l:numel(Voltage levels)
ndx = find(abs(v_low_sat-Voltage levels(i)) < tolerance);
ndx = ndx (1) ;
onset time(i) = time low sat(ndx);
ndx = find(time low sat > onset time(i) & time low sat <

onset time(i) + window);

t red time low sat(ndx) '-onset time(i);
x red = x low sat(ndx);
p_low sat(i,:) = polyfit(log(t red/dt),x red,l);
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subplot (ceil (numel (Voltage levels)/2),2,1i);

hold on;

plot(t red,x red);

plot(t red,p low sat(i,2)+p low sat(i,l)*log(t red/dt),'r--");

ylabel ('Displacement [\mu m]');

xlabel ('time [s]');

grid on;

title(strcat('Voltage Level: ',num2str(Voltage levels(i)),' V'));
end

print('c:\reportImages\creep asc.bmp');

close;

figure('Position', [0 O 800 8001);
hold on;

for i = l:numel(Voltage levels)

ndx = find(abs(v_high sat-Voltage levels(i)) < tolerance);

ndx = ndx (1) ;

onset time(i) = time high sat (ndx);

ndx = find(time high sat > onset time(i) & time high sat <
onset time(i) + window) ;

t red = time high sat(ndx) '-onset time(i);
x red = x_high sat(ndx);
p_high sat(i,:) = polyfit(log(t red/dt),x red,l1);

subplot (ceil (numel (Voltage levels)/2),2,1i);

hold on;

plot(t _red,x red);

plot(t red,p high sat(i,2)+p high sat(i,1)*log(t red/dt),'r--");

ylabel ('Displacement [\mu m]");

xlabel ('time [s]'");

grid on;

title(strcat('Voltage Level: ',num2str(Voltage levels(i)),' V'));
end

print('c:\reportImages\creep desc.bmp') ;
close;

bl = p low sat(:,1);
bh = p high sat(:,1);
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A2. “Hysteresis.m”

function [hw, p2p, hp] = hysteresis(position,v_ PXI,sampling)

num_samples = min(length(position),length(v_PXI));
N= floor (num_samples/sampling);

ndx=1:1*sampling;

pos_avg = zeros (numel (ndx),1)"';
v_PXI avg = zeros(numel(ndx),l)"';
for i = 2:(N)

ndx = ((i-1)*sampling)+1:((i)*sampling);
pos_avg = pos_avg + position(ndx);
v_PXI avg = v_PXI avg + v_PXI(ndx);

end

pos_avg = pos_avg/ (N-1);
v_PXI avg = v_PXI avg/(N-1);
[vmin,ndx] = min(v_PXI avg);

v_PXI avg = [v_PXI avg(ndx+l:end) v PXI avg(l:ndx)];
pos_avg = [pos_avg(ndx+l:end) pos avg(l:ndx)];

[vmin,ndx] = max(v_PXI avg);
v_PXI avg ascending = v_PXI avg(l:ndx-1);
v_PXI avg descending = v_PXI avg(ndx:end);
pos_avg ascending = pos_avg(l:ndx-1);
pos_avg descending = pos_avg(ndx:end) ;

minv = min(v_PXI avg ascending);
maxv = max(v_PXI avg ascending);
v_resampled = linspace(minv,maxv, )

[v_PXI avg ascending,I,J] = unique(v_PXI avg ascending);
pos_avg ascending = pos_avg_ascending(I);

[pos_avg ascending,I,J] = unique(pos_avg ascending);
v_PXI avg ascending = v_PXI avg ascending(I);

[v_PXI avg descending,I,J] = unique(v PXI avg descending);
pos_avg descending = pos_avg descending(I);

[pos_avg descending,I,J] = unique(pos_avg descending) ;
v_PXI avg descending = v_PXI avg descending(I);

pos _asc_res = interpolateld(v_PXI avg ascending, pos_avg ascending,
v_resampled, 'linear');

pos_desc _res =
interpolateld(v_PXI avg descending,pos_avg descending,v_resampled,
'"linear');

[value,ndx]=max (pos desc res-pos_asc_res);
hysteresis width = abs(pos_desc res(ndx)-pos_asc_res(ndx));
peak2peak = max(pos_avg)-min(pos_avg);

hysteresis percentage PXI = hysteresis width/peak2peak;

disp('Hysteresis Percentage, PXI voltage:');
disp (hysteresis percentage PXI);

disp('Hysteresis peak2peak:"'");
disp (peak2peak) ;
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areatot=polyarea([v_resampled rot90(v_resampled,?)]1*20,-[pos_asc_res
rot90 (pos_desc res,2)1); SV*mu_ m

disp('Hysteresis Area:');

disp(areatot) ;

figure('Position', [0 O 800 6001]);

plot ([v_PXI avg ascending v_PXI avg descending(end:-
1:1)1,[pos_avg _ascending pos_avg descending(end:-1:1)1);
xlabel ('Voltage [V]');

ylabel ('Displacement [\mu m]');

grid on;

title('Hysteresis');
print('c:\reportImages\hysteresis.bmp') ;

close

hw = hysteresis width;

p2p = peaklpeak;
hp = hysteresis percentage PXI;
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Hopaptnuo B

Oonyies yia to LabVIEW Project

To mapmv épyo ekmoviOnke pe to Aoyiopkd National Instrument’s LabVIEW €xdoon
2011 Service Pack 1.

To apyeio Tov LabVIEW Project, to omoio avoiyet 6Ao to project, Ppicketar 610
eakero “Real-Time” kot ovopdletron “StressedPiezoTestbench.lvproj”.

Méoco oto project, n server epappoyn, mov ovopdleton “SPTB Main 1.0.0.vi”,
Bpioketor oto “NI-PX1e8133-F1409C7\Real-Time\VIs\”. H client gpappoyr, mov
ovopdleton “client_Main.vi”, Bpiocketon oto “My Computer\Client\VIs\”. Kot ta dHo
VIS givol VTOYPAUUIGHEVE GTO GO TOL OKOAOVLOEL.

To apyeioa Matlab (“creep.m” and “hysteresis.m”), émwg avaeépbnke, npénet va givor
tomofetuéva oto poemheypévo MathScript directory dote va Agttovpyodv cwoTd.

Bpiokovtat oto “Support Files\Matlab scripts\”.
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Iterns | Files

Project Items
= iT_:g, Project: StressedPiezoTestBench.lvproj
- B My Computer
= [#@ Client
i@ TypeDef
= [ vis
& [@ SubVis
. clen M
i+ % Dependencies
+% Build Specifications
= fefly MI-PXIeB133-2F1409C7 (137.138.68.40)
C- [ Real-Time
- [@ Documentation
& [@ Metor Control
i+ [ TypeDef
= [ Vs
'. [@ SubVis

- m. SPTB_Main_1.0.0.i

i_ﬂ, FPGA.vi

inis50. TMP
| | StressedPiezoTestBench.aliases
- | strain_config.ini
StressedPiezoTestBench.lvips
Lg Variables.lvlib
FPGA Target (RIOO, PXI-TE33R)
FPGA Target 2 (RIOO, PXI-TE41R)
Dependencies

~ = Build Specifications

[}
=

jﬁEiﬁE 5

-
£
F-

IF
t

Téhog, £xovv vrdpéetl avapopés acvpupatodtnrog tov National Instruments ‘Report
Generation Toolkit For Microsoft Office’ version 11.0.0 pe ekddceig tov Microsoft
Office vedtepeg tv Office 2003. Zvykekpuéva, to “Append Table to Report.vi” dev
Aertovpyei 6mmg o Enpene kot to TPOPANUa givar 6TL o1 TitAol TV oTnA®@V (column
labels) tvrdvovtol otn Béon TV dedopévev otov Tivako. Avtod cupfaivet yiati ot
ovyypoveg ekdooelg Word yepiCovrar ta cell separators étav emtkolhovvtat Ta
mePLEYOUEVA EVOC TTIvaKa L O1POPETIKO TpOTO o’ 0Tt mokondtepa. To report
generation toolkit ypnowonotei line feed (LF, \n) yio va k@vet dtoyopiopd petold
OTNAGOV Kot Ypopp®v, yepifovtog £va kel kaOe popd, amd apiotepd mpog ta de&id,
Kot cvveyifovtag oty enduevn celpd. Qotd60, ol veodtepeg ekddaelg Word
npocdokovv Eva yapakthipa tab (\t) yia va dtaympicovv kébe otiAn ko petd éva line

feed yio va cuveyicovv oty endpevn oelpd.
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Mo Aoon o€ avtd 10 TPOPANUA EIVOL 1) AVTIKOTACTOCT TOV APYIK®OV apyEimV
“Word_Update_Table.vi” kot “Word_Insert_Table.vi” pe 1i¢ tpomomomuéveg
€k00GELC TOVG oV Ppickovtat oto “Support Files\Word Array Fix\”. Ta tpototuma
apyeio Bpiokovtar oto “\National Instruments\LabVIEW
2011\vi.lib\addons\ office\ wordsub.llb” péca oo installation directory (cuvrfmg
“C:\Program Files\”).
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Iepidnyn

H mapovca dSimhopatikn epyacio TpoyloatedeTon TNV avantuén Telpapatiknig dtitaéng yo
oV Yapoktnpopd meloniektpik®dv vAkdv. H oloéva kot av&avopevn (non ywo po
dpeon kot a&lOmoTn SldIKAGio YoPAKTNPIoUOD TE(ONAEKTPIKMY LAMK®V 0ONYNoe GTNV
avaykn avamtuéng pog mEPaRaTkng odtaéng, n omoia Bo umopel vor TPOYUOTOTON|CEL
uetpnoeg votépnong (hysteresis) xoi epmoopov (creep) tov melonAeKTpIKOY VAKOV
petald tov Aettovpyidv g H d1dtaén mov avantdybnke Oa ypnopomomBet peta&d dAlov
ota mAaioto Tov UA9 Project, to omoio givor pia dtakpatiky cOumpaén mov oKomd el v
Beltimon tov ovotiuatoc collimation tov LHC (Large Hadron Collider — Meydhog
Emtayvvtg Adpoviov), Tov HEYOAVTEPOL KOl 1GYVPOTEPOV EMTAYLVI] COUATIOIOV

naykoopimg mov Bpioketan 6to CERN.

To Moywopkd vy v odraln avantdydnke oto mePPAALOV OMTIKOD TPOYPOUUATIGIOD
LabVIEW tng National Instruments evd ta SCripts yio v petayevéotepn eneéepyoocio tov
dedopévav mov cLAAEYONKav oe Matlab. Oleg o1 onuavtikég mruyég e oyxediaong tov
AOYIGLUKOD OVOADOVTOL PE AETTTOUEPELX, LETAED TOV OTOLMV 1] GYESIOGTIKN OPYLITEKTOVIKT, 1
Jwxeipon, omewkdvion Kot petemeepyacic T@V  dedopEVEOV, O GLYYXPOVIGUOS NG
dwdkaciog Ayme dedopévev, OAeg Ol €mAOYEC eKTEAEONG KAOADG KOl 1 OLTOLOTY

TOPUYMOYT OVOPOPAG.

Aggearg Khewdona: ITieConrextpikd vikd, LabVIEW, Matlab, votépnon, epmooudg, UAY,
CERN, LHC, Mgydroc Emrtayvvtng Adpoviwov



This page intentionally left blank.



Abstract

The present diploma thesis deals with the development of a test-bench control for
piezoelectric actuators characterization. The growing demand for a fast and reliable
procedure for piezoelectric actuators’ characterization has subsequently led to the need for
development of a test-bench structure that can perform hysteresis and creep measurements
among its other functions. The developed test bench will be used to provide results that will
be utilized within the UA9 project, a collaborative initiative that has undertaken the task of
improving the collimation system, a critical component of the Large Hadron Collider

(LHC), the world’s largest and most powerful particle accelerator at CERN.

The software part of the project is written in National Instruments’ LabVIEW visual
programming development environment and the scripts for the post-processing of the
collected data in Matlab. All of the important software design aspects are covered in detail
and those include among others the design architecture, the data management,
representation and post-processing, the synchronization of the data acquisition, all the

execution options and the automatic report generation.

Keywords: Piezoelectric, actuator, LabVIEW, Matlab, hysteresis, creep, UA9, CERN, LHC
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Introduction

The purpose of this chapter is to introduce readers to the concepts dealt in the present

thesis.

Starting off, an introduction to CERN is made, followed by a description of the Large
Hadron Collider (LHC) and its structure and basic components. Subsequently, we
focus on one of LHC’s vital parts, the Collimation system, providing details about its
function, as well as future trends. Specifically, we discuss about the proposed crystal
collimation UA9 project, which will improve the functionality and efficiency of the
collimation system and involves the utilization of piezoelectric elements. A small
introduction to piezoelectric materials science, focusing mainly on the properties
herein studied, is presented, as well as a brief introduction to the LabVIEW software

by National Instruments, which allowed the work of this thesis to be carried through.

1.1 Introduction to CERN

CERN, the European Organization for Nuclear Research, is considered one of the
world's largest and most respected laboratories for scientific research and is located in

the northwest suburbs of Geneva on the Franco-Swiss border. It currently has twenty
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European member states, as well as Israel, which is the first (and currently only) non-

European country granted full membership.

Established in 1954 and evolving ever since, CERN has been at the forefront of
science research and several important discoveries have taken place in it, leading

among others to two Nobel physics prizes and the invention of the World Wide Web.
Currently, more than 10000 scientists and 600 institutions from more than 100
countries participate in the activities of CERN, making it one of the most

multicultural and diverse environments. [1][2][3]

1.2 Introduction to the LHC

The LHC (Large Hadron Collider) is a circular accelerator with a circumference of 27
km, located 175 m beneath the Franco-Swiss border near Geneva, built by the

European Organization for Nuclear Research (CERN).

WM;‘— _ = o T

< e

Figure 1. 1: Location of the underground LHC tunnel
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The LHC is located in the same tunnel as the previous accelerator at CERN, the Large
Electron Positron (LEP), the experimental results of which helped to establish the

Standard Model’s™ validity through its years of operation from 1989 to 2000. [4]
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Figure 1. 2: The accelerator complex at CERN

As soon as the particles are produced from the ionization of hydrogen, linear
accelerators (LINAC), boost their energy before being injected into the 630 m
circumference Proton Synchrotron (PS). The protons are then injected into the 7 km

circumference Super Proton Synchrotron (SPS) which accelerates them up to 450

! The Standard Model (SM) is a group of theories that describe the fundamental particles and
their interactions and comprise quantum electrodynamics (QED) and the theory of quantum
chromodynamics (QCD). Despite its experimental success, the SM is not yet considered as a

complete theory because it does not include gravitation, dark matter or dark energy.
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GeV. The LHC then accelerates the particles to 7 TeV % Two proton beams, with
energy of 7 TeV each collide, leading to a center-of-mass energy of 14 TeV per

collision.

Each beam contains 2808 bunches with a minimum distance of 7 m at maximum
capacity. Each bunch contains about 1.15x10"" protons with a length of about 11 cm
and a diameter of about 400 um. Close to the interaction points, the bunches are
compressed until their length is 7.5 cm and their diameter 16 um in order to increase
the probability of collision. Twenty proton-proton collisions per bunch are expected
during a high luminosity run, but given the collision frequency of 40 MHz, the total
number of collisions is over 800 million per second. Luminosity, being equal to the
number of particles passing through a cross section of the beam per unit time, reaches
its peak value of 10** cm™ s after two lower phases, 5.0 + 10** cm s ' and 2 » 10%

cm s,

In order to deflect the proton beams in the LHC ring, 1232 superconducting (SC)
dipole magnets of 14.3 m length each are used and 858 SC quadrupole magnets in
order to focus them. For the low temperatures needed to induce superconductivity in
the magnets, liquid helium is used. The cryogenics used to supply the helium
constitute the largest refrigerated system in the world, operating at 1.9 °K. The LHC is
regarded as the most complex scientific experiment in history. [5][6][7][8]

1.2.1 Purpose of the LHC

One of the most important goals of the LHC was to prove the existence of the Higgs
boson. Initially theorised in 1964, the Higgs boson is an elementary particle and its
existence was announced at CERN on the 4™ of July 2012. The importance of this
discovery lies in the confirmation of the Higgs field, which is crucial to the Standard
Model and other theories within particle physics. With the Standard Model, physicists
have been able to describe the fundamental particles and the interactions between

them. The Higgs boson, a massive scalar elementary particle, explains why the other

2 TeV is an energy unit used in particle physics. 1 TeV is about the energy of motion of a
flying mosquito. What makes the LHC so extraordinary is that it squeezes energy into a space

about a million times smaller than a mosquito.
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elementary particles are massive and in electroweak theory it generates the masses of

the leptons (electron, muon, tau) and quarks. [9]

Data from all detectors will also be analysed for the observation of extra dimensions.
String theory predicts that additional spatial dimensions exist and they can maybe be

observed at very high energies.

1.2.2 LHC Layout

The LHC is composed of several components which accomplish distinguished tasks.
Although vast in number, the main components of the LHC can be summarized in the
following fashion.

The key elements of course are the detectors. Four particle detectors have been
constructed and housed in huge underground caverns, corresponding to the four
collision points of the two beams. These are ATLAS (A Toroidal LHC ApparatuS),
CMS (Compact Muon Solenoid), ALICE (An LHC lon Collision Experiment) and
LHCb (LHC beauty). ATLAS and CMS are designed to study as broad a variety of
physics as possible and are considered to be general-purpose experiments. ALICE is
dedicated to heavy ions collisions and it recreates conditions similar to those just after
the Big Bang in order to study and analyse the properties of the quark-gluon plasma
while the LHCD is dedicated to B-physics phenomena — in other words, it focuses on
B-hadron decays which should give us better insight into the differences between
matter and anti-matter as well as possibly providing indirect evidence for SM-
violating processes. In addition there are also the TOTEM (Total Cross Section,
Elastic Scattering and Diffraction Dissociation at the LHC), LHCf (Large Hadron
Collider forward) and MoEDAL (the Monopole and Exotics Detector At the LHC).
[10]
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Figure 1. 3: Overall view of the LHC experiments

Other important elements in the function of the LHC are the superconducting
magnets. They are responsible for keeping the beams stable and precisely aligned.
Specifically dipole magnets are some of the most complex parts of the LHC and are
used to bend the trajectory of the particles. This is absolutely necessary as LHC is a
circular accelerator, which means that the beam circulates many times in closed orbit
before reaching its peak energy level, as opposed to a linear accelerator, where
charged particles travel along a straight trajectory and go through a number of
accelerating structures. There are 1232 main dipoles installed in the LHC, each 14.3
metres long and weighing in at 35 tonnes.

Other vital parts are the quadrupole magnets. Those help to keep the particles in a
tight beam; in other words, they focus the beam. The idea behind this is that when
particles are bunched together, they are more likely to collide in greater numbers
when they reach the LHC detectors. In addition to the dipole and quadrupole magnets,
there are also smaller sextupole, octupole and decapole magnets for correcting small

imperfections in the magnetic field at the extremities of the dipoles. [11][12]

Of great importance are also the radiofrequency (RF) cavities. An RF cavity is a
metallic chamber that contains an electromagnetic field and its primary purpose is to
accelerate charged particles. The RF cavity is constructed to a specific shape and size
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so that electromagnetic waves become resonant and build up inside the cavity. The
result is that charged particles passing through the cavity feel the overall force and
direction of the resulting electromagnetic field, which transfers energy to push them
forwards along the accelerator. One important detail is that the field in an RF cavity is
made to oscillate (change direction) at a given frequency, so timing the arrival of

particles is critical. [13]

Another critical element of the LHC is the beam dump system. Beams do not
circulate inside accelerators indefinitely. As particles collide with the sides of the
beam pipe or with each other, the beams ‘degrade’ and so they become less likely to
give collisions of interest. Accelerator physicists can choose to ‘dump’ the beams,
removing them from the accelerator and sending them to be safely absorbed at a
‘beam dump’ — usually a radiation-shielded block deep underground. To understand
the necessity of the beam dump system, the nominal LHC beam contains an
unprecedented stored energy of 350 MJ, contained in 2808 bunches with a beam
sigma of the order of 0.3 mm. The extremely high destructive power of such a beam
imposes an external dump, where the beam must be extracted completely from the
LHC, diluted to reduce the peak energy density and then absorbed in a dedicated
system. [14][15]

Last but not least is the LHC collimation system. The high luminosity performance
of the LHC relies on storing, accelerating, and colliding beams with unprecedented
intensities. The transverse energy density of the nominal beam is 1000 times higher
than previously achieved in proton storage rings. Tiny fractions of the stored beam
suffice to quench® a super-conducting LHC magnet or even to destroy parts of the
accelerators. The LHC collimation system provides protection to the accelerator
against unavoidable regular and irregular beam losses and achieves the necessary

beam halo cleaning. [16]

3 “Quenching” occurs when any part of a superconducting cable of a magnet goes from the

superconducting to the normal resistive state. It occurs when the critical temperature, the
critical current or the critical field is by-passed, or in case of movement of the superconductor

by several mm (friction and heat dissipation), cooling failures or beam loss.
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1.3 The LHC Collimation System

As briefly explained in the previous paragraph, the LHC collimation system
constitutes the LHC’s defence against unavoidable beam losses. Contrary to an ideal
experiment, real-world experience has shown that certain processes lead to beam
losses. The manipulations needed to prepare the beams for collision, such as injection,
the energy ramp and “squeeze”, as well as the collisions themselves, all involve
unavoidable beam losses. And as it is easily understood, those losses become greater
as the beam current and luminosity are increased. What is more, due to the LHC’s
superconducting environment, an efficient beam-loss cleaning to avoid “quenches”

from uncontrolled losses is crucial. [17]

The main purpose of the collimation system is to clean away the beam halo while
maintaining losses at sensitive locations below safe limits. The current system ensures
that peak losses below 0.01% of the energy lost from the beam is deposited in the cold

magnets.

The fully installed collimator consists of five main parts: (1) the base-support, which
serves as stand of the collimator in the tunnel, (2) the alignment plate, which allows

the adjustment of the collimator and (3) the lower plugin, which provides cooling
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water and electrical connections to the collimator. The aforementioned parts constitute

the base-support assembly, which can be seen in Fig. 1.5.

Figure 1. 5: Collimator base-support assembly

The rest of the collimation system consists of (4) the vacuum tank with the two jaws
and motors for moving the jaws and (5) the upper support assembly, which hosts all
needed parts for the installation in the tunnel on a base-support assembly. The
discrimination between base-support and upper-support assembly serves to quickly

install and exchange a collimator in case of damage.

Figure 1. 6: An LHC collimator with the vacuum tank open, left, and a ""beam's eye-view'" of the collimator
aperture, right.

The main tank consists of two jaws that define a slit for the beam, effectively
constraining the beam halo from both sides. These jaws are enclosed in a vacuum tank

that can be rotated in the transverse plane to intercept the halo, whether it is
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horizontal, vertical or skew. Precise sensors are used to monitor the jaws’ position and
collimators gaps. There are also temperature sensors mounted on the jaws. All the
aforementioned are connected to the beam-interlock system and trigger a beam dump
if potentially dangerous conditions are detected.

The LHC collimation system utilizes a multi-stage cleaning process. Primary,
secondary and tertiary collimators and absorbers are utilized to reduce halo particles
to tolerable levels. Robust carbon-based and non-robust but high-absorption metallic

materials are used for different purposes.

The LHC collimation system is the largest and most advanced cleaning system ever
built for a particle accelerator. It consists of 84 two-sided movable collimators of
various designs and materials, which together with injection protection collimators
translate into a total of 396 degrees-of-freedom.

At the LHC’s top energy, a beam size of less than 200 um translates into the necessity
for the collimators to act as high-precision devices. The inherent complexity of the
current collimators, as well as the desire to reach even higher levels of halo cleaning

efficiency, led subsequently to the UA9 project. [18][19]

1.4 UAO9 Project

The UA9 collaboration, which consists of several universities and research institutions
from France, Italy, Russia and the United Kingdom, set out to investigate how tiny
bent crystal could improve how beams are collimated in large colliders, such as the
LHC.

What makes bent crystals unique and useful in the collimation process is that the
planes in crystalline solids can constrain the directions that charged particles take as
they pass through. This “channelling” property of crystals can be used to steer particle
beams. After being deflected by the crystal, halo particles are intercepted by existed

secondary collimators that will be used as absorbers.
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Figure 1. 7: Crystal collimation process

As explained previously, current collimators are massive and the absorbers are very
close to the beam, making alignment very crucial. The utilization of crystals comes to
solve these issues, as a crystal used as a primary collimator can deflect halo particles
coherently at large angles and direct them into a secondary collimator-absorber. In
this way, the massive collimator-absorber can be placed at an increased distance from
the beam, thus reducing the complexity of the system and at the same time increasing
its efficiency.

The first tests of this idea were carried out in 2009, using beams from the SPS (Super
Proton Synchrotron) and they have been largely successful. Unpublished results of
tracking simulations on the proposed LHC collimation system, indeed, predict a
cleaning efficiency 5 to 10 times better than with the present collimation system.
However, adapting this idea to a high-energy collider like the LHC poses a few
challenges. In particular, in steady conditions a bent crystal can deposit up to 0.5 MW
power in a small spot on the collimator-absorber, which means that the collimator-
absorber should be able to withstand this power for several seconds without damage.
Furthermore, the growth rate of the beam halo is so slow that the first impacts on the
crystal occur in a region exceeding a few atomic layers. This translates into the
requirement to have a flat surface parallel to the crystal planes with unprecedented
tolerance. Lastly, it is true that the higher the particle energy, the lower the angular
acceptance for channelling. That calls for alignment mechanisms with high angular
accuracy and in this context relies the necessity to construct a structure to characterize

piezoelectric elements.

At this point it is necessary to present some details of the crystal collimator structure
designed for the LHC proposed by the UA9 collaboration. The whole design revolves
around a goniometer suitable for orienting and positioning the crystal with an angular
accuracy of the order of 1 prad required for the LHC operation. The proposed solution

consists of two stages, a mechanical linear stage and a piezoelectric rotational stage
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that guarantee a linear variation of the angular orientation of the crystal also during
the dynamical transients of angular adjustments. A layout has been proposed that
introduces the minimum number of extra devices in the standard LHC layout, taking
advantage of the existing collimators and beam instrumentation.

So far, the rotational movement is achieved by transforming a linear movement with a
lever arm, using hybrid stepping motors for the motors and LVVDTs for monitoring the
linear positioning of the axes. This configuration has mainly fulfilled the
specifications in steady conditions, however, an overshoot of the linear and angular
positioning has been observed under specific conditions.

To overcome the angular accuracy issue, the piezoelectric actuated goniometer shown

in Fig. 1.8 has been proposed. The aforementioned solution guarantees the following
functionality:

e Move the crystal linearly and perpendicular to the beam with a stroke of 60
mm and a linear resolution of 5 um.

e Rotate the crystal through a total yaw angular range of +10 mrad with an
angular resolution of 0.1 prad and angular accuracy of £1 prad over a linear
stroke of 10 mm from the beam axis.

e Perform steps in the yaw angle with an overshoot of < 10 % and a settling time
to with 99% of the final value of 20 ms.

e Function correctly after a bake out at a temperature of 250 °C.

e Function correctly up to a total accumulated radiation dose of 10 MGy.

e Be easily installed using the LHC Collimator quick plug support system.

e Be transparent to normal LHC operation.
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Figure 1. 8: Piezoelectric actuated goniometer

So, all in all, the design incorporates a piezoelectric actuated rotational stage mounted
on a high precision linear axis, which together allow the rotational and linear

specifications to be met.

In that respect, it was deemed necessary to develop a piezoelectric material
characterization structure which would allow us to characterize piezoelectric
elements, verify existing measurements and examine complex issues, e.g., how the
functionality of piezoelectric elements is affected by accumulated radiation.
[20][21][22][23]

1.5 Introduction to Piezoelectric Materials

The name piezo derives from the Greek work “miélev”, which means “to press”.
Piezoelectric materials possess two inverse abilities: the ability to develop electrical
charge on their surface when mechanical stress is exerted on them and the ability to
develop mechanical stress when an electric charge is included. These properties can
be visualised in Fig. 1.9.
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Figure 1. 9: Piezoelectric materials’ behaviour

There are natural piezoelectric materials like quartz and tourmaline but the
piezoelectric effect is very low in them and the material has to be cut into specific
shapes. Artificial crystals such as Rochelle salt and lithium sulphate can acquire the
piezoelectric effect by industrial processes but it requires a long processing time. This
leads us to ceramic materials like Lead Zicronate Titanate (PZT)* which do not
possess any piezoelectric virtues by nature, but they can acquire them through a
procedure called poling. There are several advantages in ceramic piezos like their easy

manufacturing as well as their large flexibility in design and shape considerations.

The piezoelectric effect was first discovered by Jacques and Pierre Curie in 1880 and
ever since piezo materials have been utilized in a variety of applications. Such are
actuators, sensors, high voltage and power sources, piezoelectric motors, noise and
vibration control, the IT industry (quartz clocks used to generator clock pulses or in
Hard Disk Drive designs), the musical instrument industry (acoustic guitar pickups
and microphones) and the medical industry (pressure and heartbeat monitoring,

ultrasonic imaging among others).

As stated earlier, the UA9 project focuses on the utilization of piezoelectric actuators
in the goniometer design and as such it is appropriate to provide further information

about them.

The indirect piezoelectric effect, in which an electrical input changes the dimensions
of a piezoelectric material, has resulted in the development of many piezoelectric
actuators for varied applications. Their advantage is that they don’t require complex

designs and they can generate considerable forces with quick response for low-voltage

* PZT is the chemical formula, where P stands for “Plombus” which is Lead.
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input. Three are the main types of piezoelectric actuators: the linear, stacked and

bending actuators.

The linear actuators have a linear strain which is due to the uniform and equal
distribution of the induced electric charge on their surface. Linear actuators generate a
linear strain proportional to the applied voltage. As illustrated in Fig. 1.10, the
deformation takes place in both the X and Y directions.

Positive (+)

y 4
o o

Negative (-)

Figure 1. 10: Linear actuator

Stacked multilayer actuators on the other hand, are merely linear actuators glued
one on another. The advantage of stacked actuators is that the force of the actuator
will be the same as for linear actuators, but the displacement will be the sum of each
linear actuator that is stacked. For example, if there are 10 linear actuators stacked, the
displacement of the stacked actuator will be 10 times the displacement of a single

linear.

Lastly, bender actuators, as the name implies, give a bending strain proportional to
the applied voltage. Bender actuators have two layers poled in opposing directions. In
Fig. 1.11 such an actuator can be seen. The blue line denotes the line between the two
layers and is actually the grounding point. So, when voltage is applied, due to the

opposing polarity of the two layers, one of them expands and the other compresses.
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Figure 1. 11: Bender actuator

The exploitation of piezoelectric materials offers many advantages, however one must
consider and cater for the unique effects they exhibit — especially the hysteresis and
creep effect. All piezoelectric materials exhibit a mechanical hysteresis as the strain
does not follow the same track upon charging and discharging. The hysteresis is
expressed as a percentage and represents the maximum strain divided by the
maximum difference between the two tracks (as seen for example in a typical
hysteresis plot in Fig. 1.12). The mechanical hysteresis depends on the type of
ceramics and can vary from 4% to 20%. On the other hand, the creep effect translates
into the material continuing to expand for some time upon charging. Correspondingly,
the material doesn’t immediately return to the initial strain level upon discharging.
Creep is usually measured in seconds and represents the time necessary for reaching

the final strain value.

Strain

L=
Electric field

Figure 1. 12: Typical hysteresis plot

At this point it is advisable to provide further details about the aforementioned.
[24][25][26]
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1.5.1 Hysteresis effect

The nature of piezoelectric materials is closely linked to the significant quantity of
electric dipoles within these materials. A dipole is a vector, so it has a direction and a
value in accordance with the electrical charges around. These dipoles tend to have the
same direction when next to each other, and they altogether form regions called
“Weiss domains”. The domains are generally randomly oriented but they can be
aligned using the aforementioned process of poling, which is a process by which a

strong electric field is applied across the material.

With that in mind, a step-by-step approach to the hysteresis effect would be the
following. Initially, when there is no applied voltage, the ferroelectric domains are all
randomly oriented and so the polarization is zero (point O). As the field is increased,
the domains get oriented in the direction of the field and the polarization increases
linearly at first. This is represented by the curve OA. As the field further increases,
more and more domains get oriented, the curve becomes nonlinear and ultimately
when all the domains get oriented, the polarization attains its maximum value (point
B). The polarization at this point (denoted as P, in Fig. 1.13) represents portion OE
and is called saturation polarization. From that point, if the electric field is gradually
decreased, the polarization decreases but the curve is not retraced. The polarization
decrease is rather slow, meaning that the polarization lags behind the electric field, a
process that is presented by portion BD. When the field reaches zero, there remains a
finite polarization called the remnant polarization, represented by portion OE (and
denoted as Pgr in Fig. 1.13). In order to make it disappear, an electric field in the
reverse direction has to be applied. The polarization becomes zero (point F) at an
electric field of —E, called the coercive field. If the field is further increased in the
reverse direction beyond E., the domains get oriented in the direction of the field and
the polarization increases as the field increases, in the new reversed direction. The
polarization reaches the maximum value, saturation polarization -Ps, in the reverse
direction at point G. If the field now returns back to zero, the curve traces the path GH
and there will be a remnant polarization -Pr (point H). If the field increases from zero
in the positive direction, the remnant polarization disappears when the field reaches
the value +E.. Further increase in the field will trace the path E.B, closing the loop.

The closed loop is called the hysteresis curve. [27][28]
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Figure 1. 13: Full hysteresis curve

1.5.2 Creep effect

The same material properties responsible for hysteresis also cause the creep effect. As
stated earlier, creep is a change in displacement with time without any accompanying
change in the control voltage. If the operating voltage of a piezo actuator is changed,
the remnant polarization continues to change, manifesting itself in a slow change of
position. The rate of creep decreases logarithmically with time. Fig. 1.14 illustrates a
typical response for a step input voltage. Initially, when applying any specified input
voltage, the actuator shows its step response with a dynamic transient behaviour
within a few milliseconds followed by the creep response, which as illustrated is a
much slower drift response than the previous dynamic one. The equation that

describes the creep effect is the following:

L(t) =1L, [1 + v logqo (O—tl)] ,
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where L(t) is the actuator’s displacement for any fixed input voltage, L, is a nominal
constant displacement value which is the displacement of 0.1 s after applying the
input voltage and y is the creep factor that determines the rate of the logarithm.
[29][30]

L(8),
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Figure 1. 14: Creep pattern over time

1.5.3 Other considerations

Nevertheless, the hysteresis and creep effects are not the only aspects in need of
attention when designing a piezo-actuated system. Other aspects of the piezoelectric
materials must be taken into consideration, such as the leakage current, the impedance

and the ferroelectric transition temperature.

Regarding the leakage current, when operated below the resonant frequency, a piezo
actuator behaves as a capacitor. The capacitance of the actuator is dependant of the
area and thickness of the ceramic, as well as its material properties. For stacked
actuators, the capacitance also depends on the number of layers. The actual electrical
equivalent of a piezoelectric actuator is a parallel connection of capacitor C,.; and
resistorR ;. According to Ohm’s law, if VV is the applied voltage, the leakage current

is equal to:
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As with every electrical circuit, the electrical impedance should also be taken under
consideration. The electrical impedance is the measure of the opposition that a circuit
presents to a current when a voltage is applied. It is represented as Z and it is the
complex ratio of the voltage to the current. Thus, the impedance can be represented as

a complex number with the following formula:
Z =R+ jX,
where the real part, R, represents the resistance and the imaginary part, X, represents

the reactance.

Lastly, another important design consideration is the ferroelectric transition
temperature. This represents the temperature beyond which ferroelectric materials

lose their spontaneous polarization. [31][32][33]

1.6 Introduction to LabVIEW

LabVIEW is the abbreviation for “Laboratory Virtual Engineering Workbench” and is
a platform developed by National Instruments. LabVIEW is one of the most
established visual programming environments. The graphical language utilized is

called “G” and is a dataflow programming language.

LabVIEW dates back to the 1980’s as it was originally released for the Apple
Macintosh in 1986. Since that first version, it has evolved and adapted to the IT
world’s needs and is currently offered for Windows, Linux or Mac OS X, with up-to-

date version being 13.

What separates visual programming languages to traditional ones is that the user can
create programs by manipulating program elements graphically rather than textually.
Execution is determined by the structure of a graphical block diagram, the LabVIEW
source code. The philosophy of dataflow is that the passage of data through nodes
within the program determines the order of execution of the functions of the program.
That means that a node will be scheduled for execution only when all its inputs
contain valid data. That node will be executed as soon as a processor becomes
available. After the node is executed, values on its output wires become available and
flow towards the nodes that they in-turn are connected to. It can be easily understood
that the programmer is able to control the order that the nodes execute by chaining
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together nodes that have compatible inputs and outputs. G is inherently capable of
parallel execution and multi-processing and multi-threading hardware is automatically

exploited by the built-in scheduler.

The basic building blocks of programs written in LabVIEW are called VIs®. They can
be thought of as similar to functions or subroutines in other programming languages.
A VI includes the Front Panel, which contains all Controls and Indicators, the Block
Diagram, which is the layout of nodes and wiring, the VI icon and the Connector
Pane, which specifies the VI’s input and output connection terminals. A typical
example is presented in Fig. 1.15. [34][35][36][37][38]
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Figure 1. 15: Typical VI example

% V| stands for Virtual Instrument
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Structure & Hardware

The purpose of this chapter is to introduce readers to the concept of the piezo test
bench that was developed, as well as the hardware that was necessary to allow the

project to come into fruition.

The chapter starts with a reference to the purpose of the test bench, as well as a short
description of it and is followed by the state of the art of similar piezoelectric
measurement test benches. The next section is dedicated to the technical aspects of the
test bench and utilized hardware. Finally, the functions of the test bench are described

in detail.

2.1 Introduction to the Test bench structure

As mentioned in the first chapter, the development of the goniometer proposed by the
UA9 collaboration requires the development of a system that can provide detailed

analysis of the characteristics of piezoelectric materials.

For that purpose, the development of a specialised system dedicated to piezoelectric
actuators’ characterization, customized to the requirements at hand and easily

adaptable to future needs was deemed necessary.
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In summary, the system consists of five distinct parts: the mechanical structure, the
motor assembly, the sensors and auxiliary devices, the PXI chassis and modules and
the software developed in LabVIEW. The last part is covered thoroughly in the 3"
chapter, while the first four are covered in detail later in this chapter.

In brief, the main test bench structure consists of the mechanical structure (the base,
the rods, the low-friction blocks, the locks and the springs), part of the motor
assembly (the servo motor, the gearhead and the torque limiter) and a few mounted

sensors (load cell, capacitive sensor). The current setup is illustrated in Fig. 2.1

Piezo

actuator
Blocks

Load cell —

LQcks

. 4 —Springs

iBase

Figure 2. 1: Main test bench structure

The peripheral devices of the structure mainly consist of the National Instruments PXI
chassis and modules, which provide the interface between the software and the sensor
readings, piezo excitation and motor movement, the motor servo amplifier, which
drives the motor and translates the commands generated by the PXI to actual motor

movement, the linear amplifier for the piezo excitation, which transforms a low-level
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signal into a higher-level that can excite the piezo actuator and the rest of the sensors
and auxiliary devices (the capacitive measurement system, which translates the
capacitive sensor readings into voltage, the current board, the load cell amplifier, the
temperature sensor and the accelerometers). A few of them are illustrated in Fig. 2.2.

SANMOTION R

Figure 2. 2: Peripheral devices- National Instruments PXI chassis and modules (bottom-left), motor servo
amplifier and mechanical brake power supply (top-left) and stack of linear amplifier for piezo actuators and
capacitive measurement modules (right)

2.2 State of the art

Over the past decades, the need to study piezoelectric materials has unavoidably led to

the development of piezo characterization setups.

The most commonly found setups allow for a fixed load to be applied to the piezo
element. In this way, scientists can study the behaviour of piezo elements in
predefined stress levels under varying conditions of electrical excitation of the piezo
element. Those setups are usually called “pre-stress” setups and can be found in "PZT
uniaxial stress dependence: experimental results” by Audigier et al. [39],
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"Characterization of multilayer piezoelectric actuators for use in active isolation
mounts™ by Wise [40] and "Characteristics comparison of piezoelectric actuators at
low electric field: analysis of strain and blocking force™ by Mekid and Lim [41]
among others. The force is usually applied manually via a bolt, a clamp or a similar
mechanism. Such two noteworthy compact setups that use a bolt are presented in
"Extended Life PZT Stack Test Fixture" by Badescu et al. [42] and are illustrated in
Fig. 2.3. The first one is adapted to a PZT stack and the second to two PZT cylindrical

ﬁ
3D View

Cross section
PZT stack PZT stack

Washers Washers Flat Adjustment
cup cup washer setscrew

Bottom Bellville
Housing Membrane ashers

stacks.

Top housing
Load cell

Belville washers
stack
Washers cup

PZT stack
Base plate

Base plate
membrane

Sphere

Prestress setscrew

Bottom housing

Prestress Nut
setscrew

/

Base
plate

Siter Bellville Top housing

cup washers

Sphere

Figure 2. 3: Setup for single PZT stack (top-left) and setup for two cylindrical PZT stacks (top-right and
bottom)

An advance of this idea is the use of a motor to apply pressure. Such a setup can be
found in "Influence of uniaxial compressive stress on the ferroelectric behaviors of

piezoelectric stack actuators" by Yang Gang et al. [43].

A different approach to pressure application is the utilization of specialised servo-
hydraulic test frames. Such an approach can be found in “Response of piezoelectric

stack actuators under combined electro-mechanical loading” by Mitrovic et al. [44]
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(Fig. 2.4.) and “Uniaxial stress dependence of ferroelectric properties of XPMN-(1-

X)PZT ceramic systems” by Yimnirun et al. [45].

Figure 2. 4: Instron 8516 servo-hydraulic fatigue system

Finally, a more sophisticated approach to the aforementioned method involves the
immersion of the piezo actuator into a suitable bath to prevent high-voltage arcing
during electric loading. In "Effects of uniaxial prestress on the ferroelectric hysteretic
response of soft PZT" by Zhou et al. [46] a fluorinert electric liquid (FC-40, 3M) bath
was used (Fig. 2.5a), while in “The effect of uniaxial stress on the electro-mechanical
response of 8/65/35 PLZT” by Lynch [47] a silicone oil bath was used (Fig. 2.5b).
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Figure 2. 5a (left) and Figure 2. 5b (right)
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2.3 Technical Specifications

2.3.1 Mechanical structure

Starting with the mechanical aspect of the structure, all the metallic parts are made of
an alloy of stainless steel Grade 316 and anodized aluminium. That includes the base,
the rods, the blocks, the locks, as well as any other metallic part of the structure.
Stainless steel is generally resistant to acids but Grade 316 offers greater defence
against sulphuric, phosphoric and fatty acid, aldehydes, amines and fats, as well as
superior corrosion resistance. The anodized aluminium exhibits increased corrosion

resistance compared to regular one. [48][49]

The springs are made of iron and have a spring constant of k = 78 N/mm . The
fact that in our setup we have two identical springs in parallel means that the

equivalent spring constant of the system is k., = 2 -k = 156 N/mm. 6

2.3.2 Motor assembly

Moving on, the motor, the gearhead, the torque limiter and the motor driver comprise
the motor assembly. The servo motor is model SANMOTION R
R2AA04010FCPOOM6 from Sanyo Denki. It is a 200 V AC servo motor rated at 100
W with a motor flange size of 40 mm?. It has 3000 RPM rated speed, 6000 RPM
maximum rotation speed, 0.318 Nm rated and continuous stall torque and 1.18 Nm
peak stall torque and it features a 24 V DC brake, a battery backup method absolute
encoder, UL/CE approval and reduction ratio of 1/3.

The motor is driven by a motor servo amplifier made by Sanyo Denki, model
number RS1A01AA. It is a single-axis analog/pulse input type servo amplifier,
powered by AC200 to 230V, and is rated at 15A. It features a wire-saving incremental

encoder and battery backup method absolute encoder and a NPN selectable output.

The motor and the motor servo amplifier are illustrated in Fig. 2.6.

® In general, a system of two springs in parallel, whose spring constants are k, and k, exhibits

an equivalent spring constant of k., = k; + k; . [50]
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Figure 2. 6: Motor servo amplifier (left) and motor (right)

The shaft of the DC motor connects to a gearhead or gearbox, as it is also known.
The output torque of the DC motor itself is generally low and for that reason a
gearhead is utilized to increase the output torque and reduce RPM. The specific
gearhead is manufactured by Neugart and is model PLPE 70 (Fig. 2.7) with a ratio of
i = 64 " and low backlash.? In this case, that means that the maximum speed of 6000
RPM of the motor is constrained to a maximum value of n,,; = 6000/64 =
93.75 RPM, but at the same time the output torque, which is what is necessary to
apply pressure to the piezo element, is greatly increased. Specifically, the rated torque
with the addition of the gearhead is equal t0 T = T,pt0r i = 0.318-64 =
20.352 Nm.

Figure 2. 7: Neugart PLPE 70 front view (left), rear view (middle) and innards (right)

" The ratio is defined as i = n;,, /N,y , Where n is speed measured in RPM

8 Backlash is defined as the clearance or lost motion in a mechanism caused by gaps between
the parts [51]
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The last part of the motor assembly, the torque limiter, also known as overload
clutch, is a device that automatically protects mechanical equipment, or whatever is
connected to it, from damage by mechanical overload by physically disconnecting the
drive from the load. [52] The specific torque limiter is manufactured by R+W and is
model SK2/0030/087/W (Fig. 2.8). It offers precise overload protection, is absolutely

backlash-free and provides disengagement within 1-3 milliseconds.

Figure 2. 8: R+W SK2

2.3.3 Sensors and auxiliary devices

Of great importance in the piezoelectric actuator characterization process are the
readings from the capacitive sensor. In order to get those readings, a capacitive sensor

in conjunction with a capacitive measurement module is necessary.

The capacitive sensor is manufactured by Fogale and is model MCC-10. The
measurement range of the sensor is from 0 to 1.0 mm with a resolution of 0.4 nm
RMS/Hz *. It features metal-resin technology, is very strong and can withstand
temperatures up to 200 °C.

The capacitive measurement modules are made also by Fogale and their model
number is MC900. There are currently 3 identical modules housed in two separate 19”
racks, each with a suitable power supply module. The MC900 has a power output

range of 0-10 V, which, taking into account the 0-1.0 mm measurement range of the

capacitive sensor, translates into a ratio of 100 #™/, .
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Figure 2. 9: Fogale MCC-10 attached to MC900 (left) and the modules at hand (right)

Piezo actuators generally can withstand a lot of voltage - for example, the application
of 150 V to a piezo actuator is not at all uncommon and it is actually necessary in
order to achieve the biggest displacement that the actuator can produce. For that
purpose, it is necessary to utilize a voltage amplifier, which is required to be linear
within its range. In this case, the amplifier utilized to drive the piezo actuators is a
Cedrat LA75B, accompanied by its corresponding power supply module, LC75B (both
illustrated in Fig. 2.10). Specifically, the LA75B is designed to drive capacitive loads
like piezoelectric actuators with extremely low noise. It is a high-power amplifier,
which can perform amplifying operations in the -20/150 V range, and is integrated in
a rack along with the AC/DC converter LC75B board. The LC75B AC/DC module is
designed to produce stabilised DC voltages, which are necessary to supply the
amplifier. The maximum output current of the LA75B is 360 mA. The voltage gain
that the amplifier provides is 20 and that means that if the input to the amplifier is 1

V, then the amplifier will drive the piezo actuator with 20 V.

Figure 2. 10: Cedrat LA75B and LC75B
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Similar to the case of capacitive sensor readings, in order to measure the load cell,
both a load cell and a load cell measurement module are necessary.

There are currently two different load cells utilized depending on the needs. One, the
Althen ALF256DBROKN is rated at 5 kN, while the other, Tedea Huntleigh Model No.
615, is rated at 300 kg. The Althen can be used only in compression, while the Tedea
in both tension and compression.

The load cell measurement module utilized in this case is the Althen SG-KP-12E-
420. This unit connects to the load cell and provides an analog output ranging from 0O

to 10 V. So, in the case of the Althen load cell rated at 5 kN, this means that the ratio
is 500 N/V' In the case of the Tedea Huntleigh load cell rated at 300 kg, the ratio is

30 kg/V ~ 2942 N/,

Figure 2. 11: Althen SG-KP-12E-420 (left), Tedea Huntleigh 615 (middle) and Althen ALF256 (right)

There are two identical accelerometers used to measure the environmental vibrations
of the setup. They are manufactured by PCB Piezotronics and their model number is
356B18. Those are triaxial, high sensitivity, ceramic shear ICP® accelerometers, with
a sensitivity of 1000 mV/g or 102 mV/(m/s°) in the SI system, 0.5 to 3k Hz frequency
range and 4-pin connector.

Figure 2. 12: PCB Piezotronics 356B18 accelerometer
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The current is measured with an in-house sensing board which utilizes an ACPL-
C87B integrated circuit (IC). The ACPL-C87B is chosen when high precision is
required and it features advanced sigma-delta modulation technology and £0.5% High
Gain Accuracy. It has 0 to 2 V nominal input range and 1 GOhm input impedance.
The board connects to the negative lead of a piezo actuator and provides a direct
conversion of current to voltage. That means that if the current at the board input is 1
mA, then the output of the board will be 1 mV.

Lastly, for temperature readings a PT100 resistance temperature detector (RTD) is
utilized. The RTD is a sensor used to measure temperature by correlating the
resistance of the RTD element with temperature. The PT100 is one of the most
commonly used RTDs and is made from pure platinum (hence the ‘PT’ prefix) and
has a nominal resistance of 100 Ohms at 0 °C (hence the ‘100’ suffix). As all RTDs,
the PT100 has a predictable change in resistance as the temperature changes and it is
this predictable change that is used to determine temperature. The sensitivity of a
standard PT100 is a nominal 0.385 Ohm/°C. [53]

2.3.4 PXI system

The last but probably most important item of the peripheral devices is the National
Instruments PXI system. PXI stands for PCI eXtensions for Instrumentation and is a
modular instrumentation platform originally introduced in 1997 by National
Instruments (NI). It serves as a basis for building electronic test equipment,
automation systems and modular laboratory instruments in science among others and
the fact that it is modular permits great flexibility. With PXI, one can select the
modules from a number of vendors and integrate them into a single PXI system, with
over 1150 module types being available in 2006. To ensure standards compliance and
system interoperability, PXI uses PCl-based technology and an industry standard
governed by the PXI Systems Alliance (PXISA). At some point around 2004, the PXI
Systems Alliance passed specification PXI-5, which specifies how to integrate PCI
Express performance into PXI while preserving backward compatibility. This led
subsequently to the introduction of the PXI Express hybrid slots, which deliver
support for both PCI and PCI Express. [54]
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The PXI system in this case consists of a PXI-ready chassis, a main controller and the
extension modules. The chassis is the backbone of the PXI system as it provides the
power, cooling and communication buses of PCI and PCl Express for the main
controller and the various extension modules. The main controller is a high-
performance embedded controller that eliminates the need for an external PC, as in
this way a complete system is contained within the PXI chassis. Embedded controllers
include standard features such as an integrated CPU, hard drive, memory, Ethernet,
video, serial, USB, and other peripherals. Lastly, extension modules can be added to a
system to increase functionality by providing for example inputs and outputs that can

be used in conjunction with several sensors. [55]

The chassis utilized in this project is the NI PXle-1078. This is a 9-slot, 3U PXI
Express chassis with the first slot dedicated to the main controller and the rest
available for use with extension modules. Specifically, it offers 5 hybrid slots (slots 5-
9) and 3 PXI Express slots (slots 2-4). The chassis includes built-in timing and
synchronization features including 10 and 100 MHz reference clocks, as well as the

PXI trigger bus. In Fig. 2.13, it can be seen both populated and unpopulated.

Figure 2. 13: Images of a populated and an unpopulated PXle-1078 chassis

The main controller fitted in the first slot of the chassis is the NI PXle-8133. It is
equipped with a high-performance quad-core Intel Core i7-820QM that operates in
1.73 GHz base frequency and 3.06 GHz in single-core Turbo Boost mode, 2GB of
DDR3 1333MHz ram memory and a 200GB hard disk. It also features two
10/100/1000BASE-TX (Gigabit) Ethernet, 4 Hi-Speed USB, ExpressCard/34, GPIB,

serial, DVI and external trigger connections. It is equipped with a dual-boot operating

52



system of either Microsoft Windows XP or NI LabVIEW Real-Time. The difference
is that the NI LabVIEW Real-Time is a real-time operating system, which means that
it is designed to run applications with very precise timing and a high degree of
reliability. This is especially important in a measurement system like in this case and
its necessity will be thoroughly explained in the next chapter. Operating systems like
Windows are designed to maintain user responsiveness with many programs and
services running (ensuring "fairness"), while real-time operating systems are designed
to run critical applications reliably and with precise timing (paying attention to the
programmer’s priorities). The NI Real-Time Hypervisor uses virtualization technology
to run NI LabVIEW Real-Time in parallel with Windows XP, thus making use of
real-time processing and at the same time Windows XP services and graphical
interface. [56][57] The PXle-8133 is illustrated in Fig. 2.14.
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Figure 2. 14: NI PXle-8133

Lastly, the extension modules used can be summarized in the following table:

Slot Number Module Utilization
2 PXle-4357 + TB-4357 PT100 temperature sensor
3 PXle-4496 Accelerometer sensors
5 PXI1-4461 Load Cell and current sensors
7 PXle-4330 + TB-4330 Strain gage
8 PXI1-7841R + SCB-68 FPGA module for motor control
Capacitive sensor, piezo excitation signal
9 PXI-4461 (generation and feedback acquisition)
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The PXle-4357 input module provides integrated data acquisition and signal
conditioning for resistance temperature detector (RTD) measurements. It offers 20
channels and features five 24-bit delta-sigma analog-to-digital converters with
anti-aliasing and low-pass filters for superior accuracy, along with sampling rates
up to 100 S/s per channel in high-speed mode or 1 S/s with typical measurement
accuracies of 0.09 °C in high-resolution mode. It supports 2-, 3- or 4-wire RTDs.
The additional TB-4357 is a front mount terminal block with screw terminal
connectivity for the NI PXle-4357. This assembly is illustrated in Fig. 2.15 and it
is used to get readings from a PT100 temperature sensor.

Figure 2. 15: PXle-4357 (top-left), TB-4357 (top-right), TB-4357 connected to PXle-4357 (bottom-left) and

TB-4357 innards (bottom-right)

The PXIle-4496 is a high-accuracy data acquisition (DAQ) module specifically
designed for high-channel-count sound and vibration applications. It offers 16
simultaneously sampled analog inputs at up to 204.8 kS/s, with 24-bit resolution
ADCs with 114 dB dynamic range. It uses a method A/D conversion known as
delta-sigma modulation. With this technology, input signals are oversampled or
sampled at many times the chosen data rate and then applied to a digital filter,
resulting in excellent phase linearity while maintaining low noise and distortion. It
is used to acquire reading from the two accelerometers and is illustrated in Fig.
2.16.
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Figure 2. 16: PXle-4496

The PXI-4461 is a high-accuracy data acquisition module. It features two
simultaneously updated analog outputs at up to 204.8 kS/s, software-configurable
AC/DC coupling and IEPE conditioning, 24-bit resolution ADCs and DACs with
118 dB dynamic range, variable anti-aliasing and anti-imaging filters, six gain
settings for input ranges from +316 mV to +42.4 V and two simultaneously
sampled analog inputs at up to 204.8 kS/s. Similar to the PXle-4461 it adopts
delta-sigma modulation in both its inputs and outputs. There are two of these
modules in the specific setup, with the first one being used for the load cell and
current readings and the other for the capacitive sensor readings and the
generation and feedback acquisition of the piezo excitation signal. It is illustrated
in Fig. 2.17.

Figure 2. 17: PXI-4461

The PXle-4330 features eight channels with 24-bit analog-to-digital converters
(ADCs) per channel and 25 kS/s sampling rate. To remove noise, each module

offers anti-aliasing and digital filters per channel. Each channel also features an
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independent programmable 0.625 to 10 V excitation voltage. The PXle-4330 is
used in conjunction with the NI TB-4330 front-mounting terminal block, which
facilitates connectivity. In our setup the PXle-4330/TB-4330 combination is used

to acquire strain gage readings. The illustration is similar to Fig. 2.15.

e Lastly, the PXI-7841R is a multifunction reconfigurable 1/0 (RIO) module featuring a
user-programmable FPGA chip for on-board processing and flexible I/O operation. All
analog and digital functionality can be configured using NI LabVIEW and the LabVIEW
FPGA Module. It features 8 analog inputs with independent sampling rates up to 200
kHz, 16-bit resolution and £10 V range, 8 analog outputs with independent update rates
up to 1 MHz, 16-bit resolution and +10 V output range and 96 digital lines configurable
as inputs, outputs, counters, or custom logic at rates up to 40 MHz. The PXI-7841R is
used in conjunction with NI SCB-68 connector block, which provides screw terminals for
easy /O connections. The PXI-7841R/SCB-68 combo is used for the control of the motor
and is illustrated in Fig. 2.18. In particular, it provides three separate controls: it operates
the servo and the mechanical brake mechanisms of the motor via enabling and disabling
two digital outputs and it also controls the rotation speed of the motor by varying an

analog output which is fed to the motor driver.

Figure 2. 18: PXI-7841R (left) and SCB-68 connector block (right)

Regarding the servo function, a digital output from the 7841-R/SCB-68 is fed directly
to the corresponding input of the RS1AO01AA servo driver. The motor does not work
without the servo function being enabled, so having this feature separate from the

motor speed adjustment is useful to avoid unintentional motor function.
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Regarding the mechanical brake, like the servo function, it is controlled by a digital

output of the 7841-R/SCB-68. In this case, however, the digital output voltage and
current were not sufficient to operate the brake directly. According to the motor
manufacturer’s specifications, the mechanical brake requires a 24 V DC input voltage
with 270 mA current. In order to overcome this obstacle, the utilization of a relay
board was deemed necessary. The relay board serves as an intermediary between the
7841-R/SCB-68 and the motor servo amplifier. The relay is controlled by the digital
output of the 7841-R/SCB-68 and when energised it feeds 24 V DC to the brake
inputs of the motor amplifier. That voltage comes from an external 24 V DC rated at
2300 mA power supply. The relay board along with the external 24 V power supply
can be seen in Fig. 2.19.

Figure 2. 19: Relay board and external power supply used to control the motor brake

The motor speed is controlled by an analog output of the 7841-R/SCB-68. The analog
output has a range of -10 V to +10 V with a 16-bit resolution. A 16-bit integer can
store 2'® (or 65,536) distinct values. In an unsigned representation, these values are
the integers between 0 and 65,535 and using two's complement, the possible values
range from —32,768 to 32,767. That means that when the desired output is -10 V, the
value passed to the analog output should be -32,768 and when the desired output is
+10 V, the value should be 32,767, with all in-between values varying linearly. This
necessity will be further explained in chapter 3.
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2.4 Functional analysis

The setup is able to perform both creep and hysteresis measurements with a variety of
options.

In order to perform the creep measurement, the piezoelectric element needs to be free
of load — that means that no mechanical load is applied on top of the piezo actuator.
Although the creep measurement could be carried out with the primary structure, an
auxiliary structure (Fig. 2.20) is preferred as it provides easier and faster mounting

and dismounting of the piezo actuators.

Figure 2. 20: Auxiliary structure for creep measurements (left) and close-up of piezo actuator and capacitive
sensor in place (right)

The aforementioned auxiliary structure works by fastening the base of the piezo
actuator with its top being left free. The capacitive sensor is then placed above the top
of the piezo actuator and when voltage is applied to it, the distance between the top of
the piezo and the capacitive sensor varies and that change is captured by the
capacitive sensor. In order to perform a creep test, the piezo excitation follows a
similar pattern as in Fig. 2.21.
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Figure 2. 21: Piezo excitation pattern for creep measurement

The voltage alternates between the minimum value and an increasing value at each
step until reaching the maximum desired voltage. The process is then repeated in the
reverse order — the voltage alternates between the maximum value and a decreasing
value at each step until reaching the minimum voltage. The number of steps, the
minimum and maximum voltage and the duration of each step are all parameters that
can be set before the execution of the creep measurement. In general, the duration of
each step is relatively big, so that the piezo displacement has stabilized before
advancing to the next step.

Regarding the hysteresis measurement, both a static and a dynamic execution mode
are offered. For the hysteresis test, only the primary structure can be used (Fig. 2.22),

where pressure is applied via the motor.

Figure 2. 22: Primary structure (left and center) and close-up of piezo actuator and capacitive sensor (right)
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In the static execution mode, the mechanical load is pre-set before exciting the piezo
and remains constant throughout the duration of the test. The piezo excitation voltage
can be set to a constant value or a periodic signal (sine, triangular, square or sawtooth

wave) with user-configured parameters.

In the dynamic execution mode, the mechanical load varies throughout the duration of
the test, with the motion resembling a triangular wave between a minimum and a
maximum load value. Again, the piezo excitation voltage can be set to a constant
value or a periodic signal (sine, triangular, square or sawtooth wave) with user-
configured parameters. A special function in the dynamic execution mode provides
the ability to vary the mechanical load and the excitation voltage at the same time and

with the same frequency.

Finally, the software provides the ability to display the data plots, automatically post-
process the data and automatically generate reports. All the functions will be

discussed in detail in the next chapter.
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LabVIEW Analysis

The purpose of this chapter is to provide a detailed analysis of the project software
developed in LabVIEW. Starting with an introduction to the basic building concepts
used in the specific implementation, we then move to an overview of the program

structure, focusing progressively on the main programming challenges faced.

3.1 Basic building concepts

There are several building approaches when it comes to LabVIEW programming. In
this case, the State Machine architecture and the Functional Global Variables (FGVs)
constitute key elements of the program and for that reason they are analysed in

advance.

3.1.1 State Machine

The state machine design pattern is very common in LabVIEW and is used to
implement any algorithm that can be explicitly described by a state diagram or a

flowchart.
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A state machine consists of a set of states and a transition function that maps to the
next state. Each state can lead to one or multiple states or end the process flow. The
next state is determined by user input or in-state calculation.

A state machine consists of the following elements:

e While loop — Continually executes the various states

e Case structure — Contains a case for each state and the code to execute for each
state

e Shift register — Contains state transition information
e State functionality code — Implements the function of the state

e Transition code — Determines the next state in the sequence

An example of state machine architecture is illustrated in Fig. 3.1.
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Figure 3. 1: State machine architecture

Compared to a state diagram, the flow in a state machine is implemented by the While
Loop, the individual states are represented by cases in the Case structure, while the
shift register on the While Loop keeps track of the current state and communicates the

current state to the Case structure input.

As illustrated in Fig. 3.1, the most popular method for controlling the state transition
is the enumerated type control (enum). One important detail to remember though is
that the enumerated control needs to be type-defined (typedef). This solves the
problems that arise when the user attempts to add or delete a state from the

enumerated type control, leading to a break of the remaining wires that are connected
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to the copies of this enumerated type control. In other words, by type-defining the
enumerated type control, all the enumerated type control copies are automatically

updated if a state is added or removed.

In the specific project, the next state of a state machine is controlled mainly in two
ways — by what is called a “single default transition” and a “select function” transition
code. The first one is used when there is only one possible state that occurs next (Fig.
3.2a), while the second when a decision on a transition between two possible states
needs to be made (Fig. 3.2b). [58]
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Figure 3. 2a (left): Single default transition and Figure 3. 2b (right): Two possible transitions where the
outcome is defined by the select function

3.1.2 Functional Global Variable (FGV)

Functional global variables are used extensively in this project as they are more suited
than global variables for a variety of reasons that will be explained. A functional
global variable makes use of uninitialized shift registers in a While loop to hold data
as long as the VI never goes out of memory. The general form of a Functional Global
Variable includes an uninitialized shift register with a single iteration While loop, as
illustrated in Fig. 3.3.

..... e (1)

Cutput

1 Uninitialized Shift Register

Figure 3. 3: Functional Global Variable general form
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A Functional Global Variable usually has an action input parameter that specifies
which task the VI performs. The VI uses the uninitialized shift register to hold the
result of the operation. The most common FGV includes “set” and “get” functionality
(Fig. 3.4). As shown, in the “Set” state, data passes into the VI and the shift register
stores that data, while in the “Get” state, the data is retrieved from the shift register

and is forwarded to the output.

[ "Set”, Defadl R

Figure 3. 4: FGV with “Set” and “Get” states

There are three main advantages in using Functional Global Variables instead of
Global Variables. The first one is that they are fully customisable in the sense that
they can have as many states as desired (the functionality of the FGV is in no way
limited to the popular two-state “Get”/”’Set” FGV). The second advantage is that they
can implement more complex data structures, such as a stack, a queue buffer or a
complex bundle type, that normal global variables cannot. The last and most
important advantage is that they are not re-entrant. This means that when a FGV is
called from multiple locations, the same copy of the FGV is used. Therefore, only one
call to the FGV can occur at a time. This prevents race conditions which can occur
when two different processes try to access the same resource (for example one trying

to read it and the other trying to write to it). [59]
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3.2 Main Analysis

3.2.1 Overview

The project is split into two parts — the server application and the client application.
The server application runs on the NI LabVIEW Real-Time side of the PXI (please
refer to section 2.3.4 of chapter 2 for details), while the client application runs on the
Windows XP side of the PXI (or any other personal computer that can establish a
network connection with the PXI system). This is done in order to improve the

accuracy, reliability and consistency of the acquired data.

Specifically, the server application is responsible for operating the motor and
acquiring the data of all different sensors operating at distinct sampling rates with
precise timing and in a synchronized manner and to send the acquired data to the
client application in packages, ensuring that no data loss occurs on the way. The client
application on the other hand is responsible for receiving all of the transmitted data
and performing all cpu- and memory-intensive tasks that don’t require sharp timings,
like drawing the data plots, running the post-processing Matlab scripts and generating
the reports.

The flowchart of both the server and client applications can be seen in Fig. 3.5 and an
analysis of both applications is provided in the following subchapters.
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Figure 3. 5: Flowchart of server and client applications
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3.2.2  Server application

The server application consists of a state machine with 5 distinct states. As shown in
the flowchart of Fig. 3.5, the 5 states conduct the initialization, the DAQ configuration
and Front Panel selection, the data acquisition and transmission, the reference closing

and the error handling and are named “init”, “daqConfig”, “runProcesses”, “exit” and

“error” respectively.

e Initialization

This is the stage where all the necessary initialization takes place. It includes the
subVIs named “initFgvs”, “initSharedVariables”, “initFpga”, “initQueues” and

“initNetworkStreams”.

o Subvi “initFgvs” is responsible for initializing all FGVs that run in the real-
time system to their initial values.

o Subvi “initSharedVariables” initializes the shared variables which are used to
facilitate server and client communication. Those include the “stopClient” variable,
which is used to stop the data reception and logging in the client application, once the
data acquisition has stopped in the server application, as well as the
“strainGagelniFile” shared variable, which is used to send to the server application the
user-appointed ini file in the client computer that contains the updated strain gage
parameters, in case the user desires to use settings other than default.

o Subvi “initFpga” recognizes the connected NI RIO devices and downloads to
them the appointed fpga bitfile and creates and saves to the respective FGV the FPGA
reference that will be necessary in next stages. For the time being, the only NI RIO
device used is the PXI-7841R but this implementation makes the utilization of
different modules in the future very straightforward.

o Subvi “initQueues” creates the queue structures that will be used in the data
acquisition stage and saves their references to the respective FGVs.

o Subvi “initNetworkStreams” creates all network stream writer endpoints and
saves their references to the respective FGVs. The subvi finishes once the reader

endpoints have been created in the client application.

The utilization of the queues and network streams is covered in detail in the “Data

Management” subchapter.
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As in every state of the state machines found in both the server and client application,
if an error occurs in any of the subvis of that state, the program jumps to the “error”
state instead of the next state. This stops the programs from running if an unexpected

situation occurs.

[ "init", Default 't
e [ error 7]
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Figure 3. 6: Server application — Initialization state

¢ DAQ configuration and Front Panel

In this stage the DAQ configuration and the Front Panel selection take place. In

particular:

o Subvi “measurementTypeSelect” allows users to select either a Creep or a
Hysteresis test via a Front Panel. Depending on the selection, another subvi is called
which allows users to set the desired parameters for the Creep or Hysteresis tests.

o In case a dynamic-execution Hysteresis test is selected, the motor is operated
so that the load is set to the minimum setting.

o The PT100 and accelerometer channels are created along with their respective
parameters and their references are saved in the respective FGVs (“PT100DAQInit”
and “accelerometerDAQInit” subvis).

o Lastly, the “initSyncStartStatic” (in case of a Creep or a static-execution
Hysteresis test) and “initSyncStartDynamic” (in case of a dynamic-execution
Hysteresis test) subvis create the rest of the acquisition channels, passing the desired

parameters and ensuring the synchronized function of all modules.
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The first two bullet points will be covered in detail in subchapter “Execution

Options”, while the latter two in subchapter “DAQ Synchronization”.

14| "dagConfig” 't
1] "Dynamic” 't
<| "Static 'F
et 7| et 7|
- >
— e s | Faramat 2000 [k 355 i et
¥ g sy ro i i nic Ereti) I P —

** runProcesses v

|

Figure 3. 7: Server application — DAQ Configuration and Front Panel state

e Data acquisition and data transmission

This is the stage where data acquisition occurs and the data is sent over the established

network stream to the client application for logging and further processing.

A case structure is used to differentiate between static execution (Creep and static-
execution Hysteresis tests) and dynamic execution (dynamic-execution Hysteresis
test), but both cases utilize the “SyncedAcquisitionProcess”,
“PT100AcquisitionProcess” and ‘“accelerometerAcquisitionProcess” subvis, which
conduct the data acquisition, as well as the “dataSend” subvi, which transmits the
acquired data to the client (more details are provided in subchapter “Data

Management”).

Both cases also include the transmission of a stop signal to the client application via
the “stopClient” shared variable when the test is complete. In case of static execution,
the stop signal is transmitted when the signal generator completes its task, while in
case of dynamic execution, it is transmitted once the motor movement controlled by

“loadSettingDynamicSync” subvi completes its task.

The piezo excitation signal generation is controlled by the respective subvis

(“signalGenerationHysteresisDynamic” in case of dynamic-execution Hysteresis test,
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“signalGenerationHysteresisStatic* in case of static-execution Hysteresis test and
“signalGenerationCreepStatic” in case of Creep test), Wwhile the
“removeJunkSamples” subvi ensures that the piezo excitation signal generation is
synchronized with the data acquisition from the sensors (more details can be found in

subchapter “DAQ Synchronization”).
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Figure 3. 8: Server application — Data acquisition and data transmission state with case variants

o Close references
In this stage all references are closed. In particular:

o Subvi “closeFPGARef” is responsible for closing the FPGA reference.

o Subvi “closeDAQRef” clears all the data acquisition and signal generation
tasks.

o Subvi “closeStreamRef” destroys the network stream writer endpoints. It is
worth pointing out that before destroying the endpoints, the “Flush Stream” subvi is

called, which transfers all data still available for reading to the reader endpoint
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(client). This ensures that the writer endpoint buffer is empty before it is destroyed
and no data is left unread.

o Subvi “closeQueueRef” releases the references to the various queues.

Pt

Figure 3. 9: Server application — Close references state

e Error

This stage runs the “Simple Error Handler”, which in case of error presents the error
code and description. As noted, if an error occurs in a subvi of a previous stage, the

state automatically switches to the “error” state and the execution is stopped.

[ "error” Vt
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Figure 3. 10: Server application — Error state
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3.2.3 Client application

The client application, like the server application, consists of a state machine with 5
distinct states. According to the flowchart of Fig. 3.5, these 5 states conduct the
initialization, the data reception and logging, the post-processing options and Front
Panel selection, the reference closing and the error handling and are named “init”,

9% <¢ 29 <¢

“datalogging”, “postOptions”, “exit” and “error” respectively.

e Initialization

As in the server application, in this stage all the necessary initialization takes place. In

particular:

o Subvi “initFGVsClient” initializes all FGVs that run in the client to their initial
values.

o Subvi “initStrainGageConfigClient” prompts the user to select the utilization
of either the default or user-configured DAQ settings for the strain gage. In case the
user selects to use custom settings, another subvi is called which reads the user-
uploaded ini° file and then sends the parameters to the server via the
“strainGagelniFile” shared variable. At this point it is worth noting that if the same
subvi was called from the server application, then the file directory which contained
the user-uploaded ini file would refer to the real-time operating system. Since the real-
time operating system does not have a GUI however, the only possible way to transfer
the user ini file would be through an FTP service, like FileZilla. With that in mind, it
becomes obvious why the implementation where the user ini file is uploaded from the

client side (Windows XP side of PXI or any other personal computer that can

° The INI file format is an informal standard for configuration files with a basic structure
composed of “section” and “properties”. The key (or property) is the basic element of an INI
file and every key has a name and a value, delimited by an equals sign (=). The name appears
to the left of the equals sign (for example: name=value). Keys can be grouped into sections.
The section name appears on a line by itself, in square brackets (for example: [section]). All
keys after the section declaration are associated with that section. Section and key names are

not case sensitive. [60]
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establish a network connection with the PXI system) with its values sent to the server
via a shared variable was chosen.

o Subvi “initNetworkStreamsClient” creates all network stream reader endpoints
and saves their references to the respective FGVs. The subvi finishes once the writer
endpoints of the server application are recognized.

o Subvi “initQueuesClient” creates the queue structures that will be used in the
data reception stage and saves their references to the respective FGVs.

o Subvi “initDataLoggingClient” creates (if not present) or replaces (if present)
the tsv'° files that will be used to save the received data on a pre-assigned directory of

the hard disk of the client.
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Figure 3. 11: Client application — Initialization state

e Data reception and data logging

In this stage the data reception and data saving to the hard disk (logging) take place.

In detail:

0 TSV stands for tab-separated values. TSV is an alternative to the common comma-
separated values (CSV) format and the difference is that the delimiter is a tab stop character

instead of a comma. [61]
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o Subvi “dataReceive” reads data packages from the network stream and places
them in queues.

o Subvi “dataLoggingProcessClient” takes elements from the aforementioned
queues and appends them to the respective tsv files.

o The stage concludes once the stop signal from the server is received via the

“stopClient” shared variable.

More details about the first two bullet points are provided in subchapter “Data

Management”.
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Figure 3. 12: Client application — Data reception and data logging state

e Post-processing options and Front Panel

After the data reception and logging is complete, the user is presented with a Front

Panel with the following options:

o Copy data files: The “copyDataFilesClient” subvi copies the tsv files to a

user-appointed location on the hard disk drive of the client. This is useful since if the
files are not copied, in the next run of the program, the tsv files in the pre-assigned

location will be replaced with the new data.
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o Display plots: The “graphCreationClient” subvi reads the saved data from the
tsv files and draws the plots. There are separate tabs for the plots of the strain gage,
the load cell, the capacitive sensor, the current, the signal generator, the PT100 and
the two accelerometers. There are also two separate tabs for the FFT! (Fast Fourier
Transform) of the two accelerometers’ data. There is finally a separate tab where the
strain gage, load cell, capacitive sensor, current and signal generator can be plotted in
the same graph, after appropriate subvis have down-sampled the various data to the
same amount of data points.

o Print Report: The “reportOptionsClient” subvi presents the user with a Front
Panel where he can select to generate a report upon filling in the required details. The
user can select to generate a Hysteresis (which runs the Hysteresis post-processing
Matlab script and generates the Hysteresis Loop plot), Creep (which runs the Creep
post-processing Matlab script and generates the Creep plot) or Leakage Current report
or any combination of them. More information will be provided in the “Report
Generation” subchapter.

o Restart Program

o Exit Program

' A Fast Fourier Transform is an algorithm to rapidly compute the discrete Fourier transform

(DFT), which converts time to frequency. [62]
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Figure 3. 13: Client application: Post-processing options and Front Panel state with case variants

Close references

In this stage all references are closed. In particular:

o Subvi “closeStreamRefClient” destroys the network stream reader endpoints.

o Subvi “closeQueueRefClient” releases the references to the various queues.
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Figure 3. 14: Client application — Close references state

e Error
As in the server application, this stage runs the “Simple Error Handler”, which in case
of error presents the code error and description. As previously noted, if an error
occurs in a subvi of a previous stage, the state automatically switches to the “error”
state and the execution is stopped. Depending on the choice made between “Restart
Program” and “Exit Program” in the “post-processing options and Front-Panel” state,

the program either stops or restarts.
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Figure 3. 15: Client application — Error state

3.3 Execution Options

The program offers 3 distinct tests for the time being. Those are Creep test, static-
execution Hysteresis test and dynamic-execution Hysteresis test. The difference
between a static-execution and a dynamic-execution Hysteresis test is that in the
former the load remains constant throughout the test while in the latter it is varying.
The modular nature of the specific implementation (use of nested subvis, case
structures and state machine architecture) allows for a straightforward expansion of

the functions if desired in the future.

3.3.1 Creep test

As described in subchapter 2.4 “Functional Analysis”, in a Creep test the piezo
element is left free of load and the auxiliary structure of Fig. 2.20 is used for
convenience. Software-wise this means that in a creep test there is no need for motor
movement and the biggest challenge lies in the implementation of the desired piezo

excitation pattern, an example of which is illustrated in Fig. 2.21.
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The Front Panel of a Creep test can be seen in Fig. 3.16. The parameters are minimum
and maximum excitation voltage, the number of steps between minimum and
maximum voltage (the number of steps of Fig. 2.21 for example is 5) and step
duration in seconds. Appropriate subvis then take these parameters and create the
desired output pattern, which is fed to the piezo actuator from slot 9/output O of the
PXI and through the Cedrat LA75B. As described in subchapter 2.3.3 “Sensors and
auxiliary devices”, the Cedrat LA75B has a gain factor of 20. This is of course taken
into account and the user inserts the desired output voltages into the Front Panel.
Those are then internally divided by 20 before fed to the Cedrat LA75B.
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Figure 3. 16: Creep test Front Panel

Creating the desired creep output is a task on its own. This task is undertaken by
“creepArrayCreation” subvi (illustrated in Fig. 3.17) and works in the following way.
Using two for loops, it creates two separate sequences which are appended in the end.
The first sequence is the rising sequence moving from the minimum to the maximum

desired voltage. Starting with the minimum voltage, it adds to the created array as
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many points with the value of minimum voltage as are needed to achieve the defined
step duration in seconds. The number of points is calculated by multiplying the step
duration in seconds with the sampling rate of the slot 9 output module (which is set in
the DAQ configuration stage and is explained later). After that, it adds the same
number of points but this time their value is that of the first level above minimum
voltage. The voltage levels are calculated by dividing the difference between
maximum and minimum voltage with the number of steps and then adding the result
as many times as the number of steps to the minimum voltage until reaching the
maximum (for example, if the minimum voltage is 4V, the maximum 10V and the
number of steps is 3, then the voltage levels are 6V, 8V and 10V). The alternation
between minimum voltage and different voltage levels is continued until the

maximum voltage level is reached.

The second sequence works in a similar way and creates an alternation between the
maximum voltage and decreasing levels of voltage until the minimum voltage is

reached, each lasting the defined step duration in seconds.

The two arrays are then joined and the desired result is achieved (an example of which
is seen in Fig. 2.21).

I e —————
i3 creepArrayCreation.vi Block Diagram an StressedPieoneslBench.lvEﬂ' E—P&BBB—ZFMDQC? S ——
e — > .

File Edit View Project Operate Tools Window Help

o> (4 IE‘ |Lbu|lE’ | 15pt Application Font |« ||E;|v ”'-T]T:.' | |@‘9' ”:L"’ﬂl |' Search

[ — - i
Min (V) B3 E
[ o+ { O
I sample rate (Hz) 1 I> — ||
v 2> | 2> i
| step duration ()
: > [iH ] I
# of steps i
= | —— I
= array
Max (V) o+ { E[E BN
: [ I> o (F
a
Errar In b - Error Qut l
= =] I
StressedPiezoTestBench.lvproj/NI-PXIef133-2F1408C7 « [l 3

Figure 3. 17: Creep output pattern creation
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3.3.2 Static-execution Hysteresis test

The static-execution Hysteresis test refers to a Hysteresis test where the load remains
constant throughout the duration of the test. The load can be set to any desired level
before the output exciting the piezo actuator is enabled though. Regarding the output,

it can be either a constant voltage or a wave signal.

The Front Panel for both the static and the dynamic execution Hysteresis tests is the
same and is illustrated in Fig. 3.18. The upper frame contains the signal generator
parameters and is the same for both, while the lower frame is divided in two parts,
with the left referring to the static execution and the right referring to the dynamic.

Regarding the signal generator parameters, if the “Constant Output” is selected, then
the only parameter to set is the desired output in voltage (again, the Cedrat LA75B
gain factor of 20 is internally taken into account). If the “Signal Generation” mode is
selected, then the user can select among a Sine, Triangle, Square or Sawtooth wave
and then set the frequency (Hz), offset (V), amplitude (measured in peak voltage, not
peak-to-peak) and phase (degrees). In case of Square wave, the duty cycle is pre-set at
50%. The button labelled “Suggest Frequency” and the indicator next to it are useful

in the dynamic execution and will be analysed in the following section.

Regarding the static-execution parameters found in the left side of the lower frame,
the button labelled “Set desired Load” allows the user to set the desired load level,
while the “Iterations” control effectively controls the duration of the test. Each
iteration equals one second. That means that if for example a constant output of 150V
with 10 iterations is selected, the test will last 10 seconds before stopping. During
these 10 seconds, the piezo will be constantly fed 150V and the sensors will be
acquiring data. If for example a sine wave with 2Hz, 75V offset, 75V peak, 270°
phase and 10 iterations is selected, the test will last 10 seconds during which the
output will be 20 sinusoidal waves from 0V to 150V and the sensors will be acquiring

data. The test starts once the static-execution “OK” button is pressed.
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Figure 3. 18: Hysteresis test Front Panel
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Button “Set desired Load” triggers subvi “loadSettingStatic” which loads a separate
Front Panel that can be seen in Fig. 3.19. This subvi compares constantly the desired
load value with the current load value and when the desired value is reached the motor
stops operating. In fact, a nested subvi inside “loadSettingStatic” checks whether the
desired load value is higher or lower than the current load value and respectively turns
the motor clockwise or counter-clockwise with a predefined low speed. The sequence
to operate the motor includes disabling the mechanical brake, enabling the servo
function and entering an appropriate motor speed value (possible values range from
—32,768 to 32,767 as explained in subchapter 2.3.4). When the desired load setting is
reached, the motor speed value is set to zero, the servo function is disabled and the
mechanical brake is enabled. The button labelled “Emergency Motor Stop” stops the
motor function at any time and can prevent damages in case of malfunction (for
example if the load cell stops functioning). When all load adjustments are complete,

the “OK” button closes the subvi.
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Figure 3. 19: Static-execution load setting Front Panel
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3.3.3 Dynamic-execution Hysteresis test

The dynamic-execution Hysteresis test differs from the static in the sense that the load
Is varying throughout the duration of the test. One key difference is also that the
duration of the test is not explicitly defined but is somewhat relative. This happens
because the termination condition is not reaching a specific number of iterations as in
the static execution, but rather completing the desired change in load. Although the
motor speed can be precisely controlled, properties like the motor backlash (defined in

subchapter 2.3.2) prevent the test duration from being absolutely deterministic.

The Front Panel of the dynamic-execution Hysteresis test is, as previously described,
the same as the static-execution and is illustrated in Fig. 3.18. The dynamic-execution
parameters are found in the right side of the lower frame and the test starts once the

dynamic-execution “OK” button is pressed.

The user can select either a “Ramp” or a “Triangular movement” pattern for the load.
The difference is that in the “Ramp” setting, the load goes from the minimum value to
the maximum value with the defined motor speed and then the test ends, while in the
“Triangular movement” setting, the load goes from the minimum value to the
maximum value and back to the minimum value with the defined motor speed and

this happens as many times as indicated in the “Iterations” field.

When the dynamic-execution “OK” button is pressed and before the piezo excitation
output and the sensors are enabled, the motor operates until the minimum load value
is reached (“loadSettingDynamic” subvi, Fig. 3.20. While in operation, the user can
stop the motor function in case of emergency with the “Emergency Motor Stop”
button).

At this point it is crucial to note that the backlash depends on the direction of the
motor movement. It is impossible to eliminate the motor backlash but it is possible to
conduct the tests in such a manner that the backlash is in essence predictable. This is
what the “Motor Backlash Compensation” switch does. When enabled, it ensures that
the minimum load value is reached from a higher load value. So, if for example the
initial load value is 200N, the desired load minimum value is 300N and the “Motor
Backlash Compensation” is enabled, the load will rise from the initial 200N to 350N
(it is pre-set to go 50N higher than the desired value) before falling back to the desired

300N. If in the same scenario the “Motor Backlash Compensation” was disabled, the
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load would rise from the initial 200N directly to the desired 300N and stop. If the
initial load value is higher than the desired minimum load value, then regardless of
whether the “Motor Backlash Compensation” is enabled or not, the load will fall
directly to the desired minimum load value. This function is not necessary in case of
the “Ramp” pattern but it is indispensable in the “Triangular movement” pattern as it
makes the backlash identical in each iteration. If it was disabled and the initial load
value was lower than the desired minimum load value, then the minimum load value
would be reached from a lower value, the test would start, the load would reach the
maximum value and then fall back to the minimum value, but this time the minimum
load value would be reached from a higher load value and the backlash would be

different.

{3 loadSettingDynamicvi Front ... E@ﬁ
Eile Edit Xiew Project Operate EEE
=EIEIMOIEEN E

Desired Load

| |
I 150 i
| Current Load Cell value (M) |
0
Emergency i
Motor
Stop

N
StressedPiezoTestBench.vproj/NI-PXIe8133-2F140] JF
E =

Figure 3. 20: Dynamic-execution load setting Front Panel

The signal generator parameters work as previously explained but a key difference is
the addition of the “Suggest Frequency” button and indicator. This function is useful
in case of the “Triangular Movement” pattern and when pressed, this button triggers
the “suggestFrequency” subvi, which executes the motor movement with the
execution parameters of the lower frame but with the output and the sensors disabled.
It measures the time in seconds that is needed for the movement to be completed and
divides it with the number of iterations. The reciprocal of this result is the frequency
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of the triangular movement of the load and is presented in the indicator. This allows
the user to set the signal generator to a triangular wave of the same frequency, so that
the load and the output follow the same triangular pattern with the same frequency. As
stated, because of the relative nature of the backlash, it is more accurate to perform a
specific load movement and measure its duration than trying to calculate it

mathematically.

3.4 Data management

As previously mentioned, data management is achieved through the utilization of
queues, network streams and tsv files. In order to fully understand the mechanisms
behind data management, it is necessary to present the course of data from start to

end.

In the server application, the data acquired from the “DAQmx Read” vis in the “data
acquisition and data transmission” state are enqueued in the respective queues with
the help of suitable FGVs. Specifically, the data from the capacitive sensor, the signal
generator feedback, the load cell, the current and the strain gage are being read and
enqueued in the “SyncedAcquisitionProcess” subvi (Fig. 3.21) and their type is 1-

dimensional array of double (1-d array of DBL).
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Figure 3. 21: “SyncedAcquisitionProcess” subvi
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All data FGVs used in this project have two distinct states — enqueue and dequeue.
Although the data type varies among the different FGVs, the enqueue state is similar
for all of them and simply includes an “Enqueue Element” function, an example of

which can be seen in Fig. 3.22, taken from the capacitive sensor FGV.

action s T "enqueue” vt

Queue Reference

capacitiveSensorQueueln capacitiveSensorQueueQut

(=5 Cm ) ——
ErrorIn Error Qut

Figure 3. 22: “Enqueue” state of data FGVs in server application

Data from the PT100 sensor is acquired in the “PT100AcquisitionProcess” subvi and
that data of type double is enqueued to the respective FGV (Fig. 3.23)
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Figure 3. 23: “PT100AcquisitionProcess” subvi
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Lastly, data from the two accelerometers is acquired in the
“accelerometerAcquisitionProcess” subvi. The data type is cluster of 6 waveforms of
double (cluster of 6 wvf(DBL)) and again the data is enqueued in the respective FGV
(Fig. 3.24). This subvi has another state that follows the data acquisition and performs

the Fast Fourier Transform (FFT) and enqueues the data to the respective FGV (Fig.
3.25).

A

1

(0]

Figure 3. 24: “accelerometerAcquisitionProcess” subvi

Figure 3. 25: “accelerometerAcquisitionProcess” subvi - FFT

The data acquired is constantly added to the queues and at regular intervals it is
transmitted to the client application. The logic here is that data is acquired without
interruption and a process in parallel transmits cumulative packages from time to
time. It is easy to understand that the transmission rate is much lower than the reading
rate. The data transmission is undertaken by the “dataSend” subvi found in the same
state as the data acquisition in the server application (Fig. 3.26). The data is extracted
from the queues with the “dequeue” state of the data FGVs and is then transmitted via

the network stream to the client with the “Write Single Element to Stream” function.
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Figure 3. 26: Data transmission over network stream

Contrary to the “enqueue” state which was similar for all data FGVs, the “dequeue”
state is more complex as it involves the creation of the data packages. The “dequeue”

state for the capacitive sensor, the signal generator feedback, the load cell, the current

and the strain gage is illustrated in Fig. 3.27.

action 5] 1 "dequeue” Vt

Queue Reference

capacitiveSensorQueueOut

(| FDEBL]
ErrorIn Error Qut

Figure 3. 27: “Dequeue” state for most of the data FGVs in server application

At first, all the available queue elements are extracted with the “Flush Queue”
function. This, however, is not enough as the returned data type is 1-dimensional

array of cluster of 1 element of 1-dimensional array of double. This happens because
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each element of the queue is, as mentioned, of type 1-dimensional array of double.
What we want is to end up with just 1-dimensional array of double where all queue
array elements are placed in the same array one after another. To achieve this, the
code segment next to the “Flush Queue” function was developed and the result is a 1-
dimensional array containing all the available queue elements placed one after the

other.

The situation is more straightforward when it comes to the PT100 FGV. The queue
elements for the PT100 FGV are of type double, as previously mentioned. Using the
“Flush Queue” function, the result is the desired 1-dimensional array of double

containing all queue entries one after the other.

action o "dequeue” vt[

Queue Reference In

PT100Queueln . PT100QueueCut
[} 1 r 3

ErrorIn Error Out

o : L % O

Figure 3. 28: PT100 “Dequeue” state in server application

The same applies to the accelerometer and FFT FGVs although the data type is
different. Specifically, the queue elements of both the accelerometer and FFT FGVs
are as mentioned of type cluster of 6 waveforms of double. By using the “Flush
Queue” function we end up with the desired 1-dimensional array of cluster of 6

waveforms of double. The “dequeue” state can be seen in Fig. 3.29.
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Figure 3. 29: Accelerometer and FFT “Dequeue” FGV state in server application

The data sent over the network stream are received from the client application in the

“dataReceive” subvi (Fig. 3.30). The data are enqueued in queues that exist in the

client side with the help of suitable FGVs. The FGVs have again two states —

“enqueue” and “dequeue” and their content will be analysed shortly.

[ enqueue ~]
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ErrorIn
o ¥l
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Error Out

nnnnnn

Figure 3. 30: Data reception on the client application

The “enqueue” state is similar for all data FGVs and simply includes an “Enqueue

Element” function. The data type varies among FGVs with the capacitive sensor,

signal generator feedback, load cell, current, strain gage and PT100 featuring a 1-

dimensional array of double, while the accelerometer and FFT a 1-dimensional array
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of cluster of 6 waveforms of double. An example of the “enqueue” state is taken from

the capacitive sensor FGV and can been seen in Fig. 3.31.

action 1o "enqueue” vt

Queue Reference

capacitiveSensorJueueln capacitiveSensorQueueOut

3 il (] L 3

ErrorIn Error Out

i : ] : =

Figure 3. 31: “Enqueue” state of data FGVs in client application

The idea behind data management in the client application is that new elements are
enqueued from the network stream at regular intervals and at the same time a parallel
VI undertakes the task to write the data to the tsv files. This last step involves

performing a “dequeue” on the FGVs and writing the extracted data to the tsv files.

The “dequeue” state is similar for the capacitive sensor, signal generator feedback,

load cell, current, strain gage and PT100 FGVs and is illustrated in Fig. 3.32.

action % M "dequeue” 't
Queue Reference
"""" N
BN
loadCellJueueln loadCellQueueOut
* i L Ll
I~

ErrorIn Errar Qut
o ? 4 1

Figure 3. 32: “Dequeue” state for most of the data FGVs in client application
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The code is similar to the “dequeue” state found in many FGVs in the server
application described above and the result is a 1-dimensional array of double
containing all the available queue elements of 1-dimensional array of double placed

one after the other.

The situation is different, however, when it comes to the “dequeue” state of the

accelerometer and FFT FGVs, shown in Fig. 3.33.

accelerometerQueucOutl

accelerometerQueucOut2

idi-l il
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Figure 3. 33: Accelerometer and FFT “Dequeue” FGV state in client application

What the code above does is extract all available queue elements of type 1-
dimensional array of cluster of 6 waveforms of double and place them one after the
other in a new 1-dimensional array (of clusters of 6 waveforms of double). A for loop
then, which runs as many times as the array size, splits each cluster into the six
waveforms (X,Y,Z axis for accelerometer 1 and 2 respectively) and creates a new
array for each of them containing the respective data from all the clusters put one after
the other. In the end, the three axis of each accelerometer along with the time (for the
accelerometer FGV) or the frequency (for the FFT FGV) are bundled together to
create two separate 2-dimensional arrays of double containing four columns (time or
frequency, X, Y, Z). In other words, the end result is two separate 2-d arrays (one for
each accelerometer sensor) each containing the X, Y, Z and time or frequency
components of all available data in the queue.

After the data are dequeued in the “dataLoggingProcessClient” subvi (Fig. 3.34), they
are saved in the respective tsv files using the “Write To Spreadsheet File” function.
The tsv files have a pre-defined directory and the data logging process is done in

parallel and not in serial with the data reception because in principal writing to the
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hard disk is a process with varying time demands. With the specific implementation,
data reception is performed without interruptions at regular intervals and data logging
is performed when the necessary computer resources are available, writing all

available data at that time to the tsv files.

Error In Error Out

Figure 3. 34: Data logging in client application

Once the data reception and logging is complete, the tsv files can be copied to a new
location, used to draw the graphs or used to generate the reports with the help of the
Matlab scripts. The last two cases will be covered in detail in the next sections.

3.5 DAQ Synchronization

The synchronization of the DAQ devices on the PXI proved to be one of the biggest

challenges. It was crucial to ensure that all readings were in sync with each other, as
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otherwise false conclusions could be drawn and the characterization process would

not be reliable.

The devices that are required to be in absolute sync with each other are slots 5 (PXI-
4461), 7 (PXle-4330) and 9 (PXI-4461). Slot 5 acquires readings from the load cell
and the current sensing board, slot 7 acquires readings from the strain gage while slot
9 generates the output and acquires readings from the capacitive sensor and the signal
generator feedback. AIll of these modules utilize delta-sigma analog-to-digital
converters, which imposes some limitations to the synchronization process. Modules
in slot 2 (PXle-4357), acquiring readings from the PT100, and slot 3 (PXle-4496),
acquiring readings from the two accelerometers, do not require the same level of
accuracy on synchronization and this is why their tasks are created as usual in
“PT100DAQInIt” and “accelerometerDAQInit” subvis.

The synchronization of slots 5, 7 and 9 is achieved in “initSyncStartStatic” for the
Creep and static-execution Hysteresis tests and “initSyncStartDynamic” for the
dynamic-execution Hysteresis test respectively. The specific implementation allows
synchronization of multiple DSA cards at different sampling rates.

In both aforementioned subvis, PXle-4330 of slot 7 is set as the master
synchronization device. Slots 5 and 9 are set as slave. The devices are synchronized
with the reference clock synchronization method. That means that both master and
slave devices lock their analog-to-digital converters and digital-to-analog converters
over the sample clock to a shared reference clock on the PXle chassis backplane. To
achieve synchronization, the slave slots are set to accept a trigger produced by the
master device as their start trigger. This trigger is exported from the master device
when its task is started. To be picked up from the slave devices though, it is necessary
that their tasks are started before that of the master device. This is the reason for the
Flat Sequence structure found in both subvis.

In addition, because of the nature of PXI-4461 cards (present in slots 5 and 9), it is
necessary to remove the delay that is introduced by the digital filter. Those cards use a
digital filter to remove frequency components above the Nyquist frequency. This
digital filter imparts delay because a minimum number of samples are needed before
the digital filter can work effectively. To do that, we perform a “dump” reading after
the tasks of the devices have started, where we read as many elements as the
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multiplication of delay (Al.FilterDelay DAQmx Channel property node) and sample
clock rate of the specific channel (SampClk.Rate DAQmx Timing property node).

Another noteworthy point is that before starting the slot 9 output task, we need to
perform a dump write. This happens because by default an output task cannot start
with nothing being output. The solution to this as shown is to write a small array of
zero elements before starting the task. The minimum amount of required points to
output depends on the sample rate — and in our case of 2 kS/s sample rate it is 34
samples — but because Analog Output Regeneration'? is enabled by default, we can

get away with an array as small as 2 elements of zero.

Up to this point, the two aforementioned subvis are the same. The difference lays in
the output task parameters. In the case of dynamic-execution (dynamic-execution
Hysteresis test), as previously mentioned, the termination condition is the completion
of the desired load change. That means that the signal generator output has no
predefined duration or iterations and continues to produce the selected output until the
load completes its change. This makes things straightforward for the output task
parameters, as a Continuous task with a large buffer is sufficient. The

“initSyncStartDynamic” subvi is shown in Fig. 3.35.

| |
g

2

| B

Figure 3. 35: “initSyncStartDynamic” subvi

'2 Regeneration refers to the DAQ device's ability to 'regenerate’ samples that it previously
generated. So, when regeneration is enabled, data written to either the user buffer or the FIFO
is reused by the DAQ device. In this way, a continuous output can be achieved without

LabVIEW having to continuously write new data to the buffer.
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Things are more complicated when it comes to static-execution (Creep or static-
execution Hysteresis test). The termination condition of the test in this case is the
production of the desired output. That means that the output task has to be set to
“Finite Samples” mode and the number of samples to be produced be exactly defined.
The calculation of the exact points to be produced is different depending on the type
of test (Creep or static-execution Hysteresis test). In case of static-execution
Hysteresis test, the total number of points that will be generated in the output is the
multiplication of the “Iterations” field from the respective Front Panel (Fig. 3.18,
lower-left corner) with the sample rate. That case can be seen in the
“initSyncStartStatic” subvi (illustrated in Fig. 3.36) for the “Hysteresis” state of the

case structure.

Figure 3. 36: “initSyncStartStatic” subvi

In the case of creep test (Fig. 3.36, “Creep” state of the case structure), the number of
points to be generated is calculated by multiplying the “# of steps” with the “step
duration” fields from the respective Creep test Front Panel seen in Fig. 3.16. That
result is then multiplied by 4 because of the creep excitation signal pattern (the result
is doubled because of the alternation between the fixed level and the progressing level
of the voltage and is doubled again because of the ascending and descending nature of
the pattern). That new result is finally multiplied by the sample rate to give us the

number of points to be generated.

In both cases, the output buffer size is set to the same value as the sample rate (2000)

and the number of points to be generated is increased by a size of a little more than
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two buffers (4002 points in our case) for reasons that will become apparent in the next
paragraph.

One important property of the delta-sigma PXI1-4461 card that is used for the output
generation is that because of the oversampling that occurs because of the delta-sigma
converters, the output cannot change instantly from its initial zero value that was
defined before the start of the task. It takes two sampling periods, which translates to
4000 points, in case of Finite Samples (Creep and static-execution Hysteresis test) and
one sampling period, which translates to 2000 points, in case of Continuous samples
(dynamic-execution Hysteresis test) for the output to start producing the new values.
So, for static execution, it will take 2 seconds from when the signal generation starts
until the output starts generating the defined values. Until then, the output will
produce the value 0. The same applies to dynamic execution with the difference that it

the delay is 1 second.

This behaviour is not a problem by itself, but since the signal generation and the
acquisition from the sensors run in parallel and start at the same time, the data of the
first seconds was useless. The solution to this is to not start the data acquisition
(“SyncedAcquisitionProcess” subvi) and the data transmission over network stream
(“dataSend” subvi, Fig. 3.26) until the total samples generated in the output
(TotalSampPerChanGenerated DAQmx Write property node) are 4000 for static
execution and 2000 for dynamic execution. This task is undertaken by
“removeJunkSamples” subvi seen in Fig. 3.8. Its code is presented in Fig. 3.37. The
“JunkSamples” argument is 4000 in case of static execution and 2000 in case of

dynamic execution.

Error Qut
DAGmx Write | PNy R =

Error In ] -
I DA Fof o n =

JunkSamples
b

Figure 3. 37: “removeJunkSamples” subvi
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Even still, there is one last necessary step to achieve complete discard of the junk
samples. From the moment the input tasks start, their input buffers are filling with
data. The data from the input buffers are extracted whenever a Read function is
performed. With that in mind, the first “Read” functions performed in the
“SyncedAcquisitionProcess” subvi would enqueue and subsequently transmit junk
data. To avoid this, we dump the very first Read data and in their place void arrays are
passed. This situation is presented in Fig. 3.38. The next Read occurs so fast that no

valuable data are lost.
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Figure 3. 38: “SyncedAcquisitionProcess” subvi 1% iteration

3.6 Graph creation

The data saved in the tsv files described in subchapter 3.4 “Data Management” can be
used to draw the graphs. The task is undertaken by subvi “graphCreationClient” in
the “Post-processing options and Front Panel” state of the client application, the front

panel of which can be seen in Fig. 3.39.
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Figure 3. 39: “graphCreationClient” subvi

On the upper part of the front panel there are tabs to select which plot to show. The
options are All-in-one plot (a collective plot that draws the strain gage, load cell,
capacitive sensor, current and signal generator feedback plots in the same plot and in
sync with each other), strain gage plot, load cell plot, capacitive sensor plot, current
plot, signal generator feedback plot, PT100 plot, accelerometer 1 plot, accelerometer 1
FFT plot, accelerometer 2 plot and accelerometer 2 FFT plot. On the lower left side of

the front panel, the button labelled “Done” closes the subvi.

The code of the subvi can be seen in Fig. 3.40. The strain gage, load cell, capacitive
sensor, current, signal generator feedback and PT100 plots are drawn simply by
reading the data from the respective tsv files. The accelerometer 1 and 2 rely on the
same logic and the end result for each accelerometer is a plot with three components —

X, Y and Z (that can be turned on and off for better observation).
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% c\datalogging\strainGage.tsv

b c\datalogging\loadCell.tsv

All-in-one plot
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Error Qut
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Figure 3. 40: “graphCreationClient” subvi code

Drawing the FFT plots posed a challenge as the data should first be sorted by
ascending frequency. The saved data in the FFT tsv file have the structure that the
“dequeue” state passed — that is, 1-dimensional array of cluster of 6 waveforms of
double placed one after the other in a new 1-dimensional array. That means that
practically the format is that of the left side of Fig. 3.41. In that figure only 4
frequencies have been isolated but the logic is the same. To make the data useful, it
needs to be sorted in an ascending frequency (column denoted “F” in Fig. 3.41) order.
The desired result can be seen on the right side of the figure. This task is undertaken
by “FFTGraphClient” subvi (Fig. 3.42), which sorts the data in an ascending
frequency order and then does a mean calculation for each frequency for each axis (X,
Y and Z). The results are then drawn on the FFT plot which has three components —
X, Y and Z — that can be turned on and off for better observation.
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f X Y F 4 f X Y F 4

0 0.514107 1.020329 1.135178 0 0.514107 1.020329 1.135178
9.765625 0.510089 1.010979 1.119166 0 0.258195 0.49617 0.717426
19.53125 0.498094 0.983271 1.071929 0 0.301238 0.538313 0.61198
29.29688 0.478305 0.938213 0.995816 9.765625 0.510089 1.010979 1.119166

0 0.258195 0.49617 0.717426 9.765625 0.259848 0.493711 0.712039

9.765625 0.259848 0.493711 0.712039 |::> 9.765625 0.304762 0.537017 0.611854
19.53125 0.264513 0.486558 0.695951 19.53125 0.498094 0.983271 1.071929

29.29688 0.271385 0.47535 0.669416 19.53125 0.264513 0.486558 0.695951

0 0.301238 0.538313 0.61198 19.53125 0.314646 0.533105 0.61114
9.765625 0.304762 0.537017 0.611854 29.29688 0.478305 0.938213 0.995816
19.53125 0.314646 0.533105 0.61114 29.29688 0.271385 0.47535 0.669416
29.29688 0.329094 0.526503 0.608925 29.29688 0.329094 0.526503 0.608925

Figure 3. 41: initial FFT data structure (left) and desired structure (right)

count how many 0 there are in total
-> how many iteratiens we have

file path (dialog if empty)

Figure 3. 42: “FFTGraphClient” subvi

Regarding the All-in-one plot, subvis “unifiedLengthArrayClient” and

“normalizeArrayClient” ensure the correct display.

Subvi “unifiedLengthArrayClient” (Fig. 3.43) ensures that all data extracted from the
different tsv files have the same length (by downsampling by means of calculating the
mean value of the omitted elements), while subvi “normalizeArrayClient” (Fig. 3.44)
normalizes the values, so that the possible value range is between 0 and 1 and the
plots are drawn one on top of the other.
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Figure 3. 43: “unifiedLengthArrayClient” subvi
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Figure 3. 44: “normalizeArrayClient” subvi

3.7 Matlab Post-Processing

National Instruments offers the ability to natively add text-based signal processing,
analysis and math into the graphical development environment of LabVIEW with the
add-on module “MathScript RT”. This module provides the ability to run commands
directly written in the MathScript node or run existing .m files. The flexibility that
MathScript RT introduces is enormous as it allows users to perform complex
mathematical computations using existing .m files and perform analysis while they
are acquiring data. An example of the MathScript node can be seen in Fig. 3.45,
where the declared inputs of the node are found in the left side of the frame, the code

in the middle and the declared output in the right side of the frame. [63]
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Figure 3. 45: MathScript node

That ability to use Matlab files directly is indispensable in our case, as it allows us to
automatically calculate the creep and hysteresis attributes of interest by running
“creep.m” and “hysteresis.m” Matlab scripts respectively (both of which are presented
in Appendix A).

Specifically, we are able to plot the hysteresis loop and calculate the peak-to-peak

displacement, hysteresis percentage and hysteresis loop area.

Regarding the creep effect, as explained in subchapter 1.5.2, the equation that
describes the creep effect is:

L) =L, [1 + v logio (ﬁ)] )

where L(t) is the actuator’s displacement for any fixed input voltage, L, is a nominal
constant displacement value which is the displacement of 0.1 s after applying the

input voltage and y is the creep factor that determines the rate of the logarithm.

The equation can be rewritten as:

L(t) =a+ b xlogqg (ﬁ) )
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where coefficient b is called creep coefficient. Through “creep.m” Matlab script, we
are able to calculate the creep coefficient for all different voltage levels of the creep
test and for both negative and positive saturation (ascending voltage levels and
descending respectively) and plot the creep effect in each case.

3.8 Report Generation

As previously mentioned, one of the options offered after the data logging has
finished is the automatic report generation. This task is handled by
“reportOptionsClient” subvi, which presents the user with the Front Panel seen in Fig.

3.46. All the possible panels are presented in the figure.
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Figure 3. 46: Front Panel of “reportOptionsClient” subvi with all options shown

Currently, the subvi offers the ability to generate a Hysteresis, Creep or Leakage

Current report although the list can be expanded in the future. The user can generate
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any combination of the aforementioned types of report by pushing the respective

“Enable” button found in each tab.

The user can fill in the “Title”, “Author” and “Date” fields of the report but in case
they are left empty, the default values of “REPORT on Piezo Characterization”,
“Bench User” and the system date and time at the instance the report was generated
respectively are loaded. The comments box is optional. The user can then select the

desired report types and fill in the parameter fields.

Once the “Generate Report” button is pressed, subvi “reportGenerationClient” is

triggered with the defined report parameters. The subvi is shown in Fig. 3.47.

At

FileParameters Title e E;’

g LIS
o

CreepParameters LeakageParameters

=, =

Figure 3. 47: “reportGenerationClient” subvi

The subvi starts by creating a Word report, where the Title, Author and Date fields are
placed on top. As previously mentioned, there are case selectors that load default
values for these fields if they are left empty in the Front Panel. Another case selector
recognizes if the comments box was left empty and in case it wasn’t, it adds the
comments below the date. The following code segment recognizes which report types

have been enabled and runs the respective subvis.

The subvi that handles the Hysteresis report is called “hysteresisReportClient” and

can be seen in Fig. 3.48.
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1 [hw,p2p.hp] = hysteresis(position, v_PXL sampling):

[Ce=k = =
HE i
Extracted |

Figure 3. 48: “hysteresisReportClient” subvi

The subvi includes a MathScript node that runs “hysteresis.m” Matlab file on the data
files that are located in the folder indicated in the “Data Folder Path” field of the
report generation Front Panel (Fig. 3.46). The post-processing results and the

corresponding plots are then appended to the report.

Two noteworthy points are that both “hysteresis.m” and “creep.m” Matlab files reside
in the default MathScript directory, which is “\My Documents\LabVIEW Data”. The
default MathScript directory can be changed from the LabVIEW Tools menu but in
any case in order for the any Matlab file to be visible to MathScript, it has to be
placed in the specified default directory. The other point is that plots generated by
Matlab cannot be passed directly to LabVIEW. This is the reason why in both
“hysteresis.m” and “creep.m” Matlab files the plots are stored in a specified disk

location and are then loaded from that location and appended to the report.

The same applies to the Creep report, in which case the subvi that handles the Creep

report is called “creepReportClient” and can be seen in Fig. 3.49.

Figure 3. 49: “creepReportClient” subvi
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In this subvi, the MathScript node runs “creep.m” Matlab file on the data files that are
located in the folder indicated in the “Data Folder Path” field of the report generation
Front Panel seen in Fig. 3.46. The post-processing results and the corresponding plots
are then appended to the report.

Lastly, the Leakage Current report is handled by “leakageCurrentReportClient” subvi,
which is illustrated in Fig. 3.50. The Leakage Current test provides a way to check
whether the piezo actuator is in good working order or broken (even if it cannot be
observed by the naked eye). By measuring the leakage current we are able to check
non-destructively if the electrical properties of the piezo correspond to the
manufacturer specifications or not. Usually the manufacturers provide a leakage
current threshold for various voltage levels under which the actuator is considered to

function properly.

iz (= iz

Figure 3. 50: “leakageCurrentReportClient” subvi

Compared to the Hysteresis and Creep report subvis, this subvi does not run any
Matlab code. The leakage current is for the time being measured with external devices
and the results of the test can be passed to the respective Table found in the “Leakage
Current” tab of the report generation Front Panel (Fig. 3.46). So, in this case, the
leakage current table is appended to the report.

Finally, the last stage of the “reportGenerationClient” subvi (Fig. 3.47) is the saving
of the report to the hard disk. LabVIEW does not offer a way to save a report as a pdf
file. As mentioned previously, the report in our case is a Word file and thus a way to

convert it to pdf automatically within LabVIEW had to be found.

The solution that was eventually implemented was the utilization of a virtual printer.
As can be seen in the code of the “reportGenerationClient” subvi in Fig. 3.47, after
all selected elements have been appended to the report, the report is being sent to the
printer named “PDFCreator”. After the report is printed as a pdf file, it is disposed as

there is no need to save the Word file.

108



There are many virtual printers available online but in this case the requirement that
defined the selection was the ability to automatically save the report without any pop-
up window from the printer. Most virtual printers show up a pop-up window where
the user can select the directory and other parameters of the document. To make the
report generation process as automatic and uninterrupted as possible, a virtual printer
that could automatically save the report to a predefined location was deemed

necessary.

The virtual printer that fulfils all the requirements in this case is the “PDFCreator”.
This is a virtual pdf printer that is available online for free and is set to automatically
store the produced pdf files in a predefined location of the hard disk (“\My
Documents\” in our case). The system date and time are passed as the name of the

produced pdf file.
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Results

The purpose of this chapter is to present some indicative results of a typical piezo
actuator characterization process. The tests performed are not exhaustive and do not
cover all cases but they can be used to showcase the report and results generated by

the software.

In this case, three different tests were performed on the same piezoelectric actuator: a
hysteresis, a creep and a leakage current test. Regarding the first, it is a static-
execution hysteresis test where the load is constant at 500N and the signal generator
produces 10 periods of a 1Hz sine wave ranging from -20V to 150V. Regarding the
creep test, the voltage range is [-20, 150] V with 5 steps (in-between voltage levels are
14V, 48V, 82V and 116V). The holding time (step duration) was set to 5s. Lastly, the
leakage current test was performed on a Keithley 237 High-Voltage Source-Measure
Unit. The leakage current was measured for two voltage levels — 5V and 150V. The

sampling frequency of the specific device is 1 kHz according to the manufacturer.

The report and the results generated are attached in the following pages.
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REPORT on Piezo Characterization

By Bench User

13/05/2014 - 17:48

Comments: Keithley 237 High-Voltage Source-Measure Unit used for leakage current
test.

Current threshold acceptance limit as proposed by the actuator manufacturer: <100uA
at 150V, <3.3uA at 5V.

Measurement Description (Hysteresis Loop)

Output Parameters: Sine Wave, Amplitude [-20, 150] V, Frequency 1 Hz

Execution Parameters: Static Execution, Constant Load 500 N, 10 periods, Sampling
Frequency 2 kHz

Post Processing

Extracted figures of merit: Peak to Peak Displacement, Hysteresis Percentage,
Hysteresis Loop Area.

0 Peak to Peak Displacement: average the cycles and compute the difference
between the maximum and minimum displacement values.

0 Hysteresis Percentage: on the averaged loop, compute the maximum difference
of the displacement between the ascending and the descending branches for a given
input voltage. Normalize it to the peak to peak displacement.

0 Hysteresis Loop Area: on the averaged loop, compute the area within the
ascending and descending branches.

Results

Peak to Peak Displacement: 33.648 um
Hysteresis Percentage: 38.879 %
Hysteresis Loop Area: 13.082 V um
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Measurement Description (Creep)

Output Parameters: Step-like waveform, Two sequences, Amplitude Range [-20, 150]
V, 5 steps, Holding time 5 s

Sampling Frequency 2 kHz
Post Processing

Extracted figure of merit: Creep Coefficient — b (V).
It is obtained by a linear fit on the displacement acquired waveform over a
logarithmic time scale.

Results

Voltage Levels | 14 48 82 116

b [um] (from | -0.039625 -0.048713 -0.059391 -0.041306
Neg. Sat.)

b [um] (from | 0.151352 0.090981 0.048826 0.033962
Pos. Sat.)
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Measurement Description (Leakage Current)

Output Parameters: Amplitude Range 5V, 150V, 2 steps, Holding time 60 s
Sampling Frequency 1 kHz

Post Processing

Extracted table of merit: Leakage current value.
It is obtained computing the average value of the steady state current during the
holding time of the step-like input voltage waveform.

Results

Voltage Average Leakage Current
5V 40nA

150V 0.6uA
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Conclusion and Future Work

5.1 Conclusion

The developed structure and accompanying LabVIEW code have successfully
provided us with a test bench, which can perform reliable piezoelectric actuators’
characterization and provide instant results and reports. The reliability has been
verified against industrial piezoelectric actuators with known and recorded

characteristics.

The test bench constitutes an indispensable tool which can be used to perform in-
house characterization processes at any time. It can also be used in order to cross-
check the characteristics specification sheet supplied by the piezo actuators’
manufacturers or re-check previously measured actuators — for example after they
have been irradiated, to check how their characteristics change with increasing levels

of radiation.

5.2 Future Work

The fact that the software is written in LabVIEW means that it can be easily modified

and can be adapted to fit any kind of forthcoming need.
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Two updates that would further expand the functionality of the test bench are the
following. Firstly, the test bench could be modified to fully accommodate a Leakage
Current test. That means that instead of performing the Leakage Current test on an
external device and then manually passing the results on the Leakage Current Report
Generation tab, the whole Leakage Current test could be undertaken by the test bench.
If that proves too complex, a possibility would be to establish a connection to the

external measuring device, so that the results are automatically passed.

The same applies for the Impedance test. The whole impedance test could be added as
a function of the test bench or if that is too complicated, a connection to the measuring
device making the transfer of the results automated, would suffice.
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Appendix A

Matlab Code

Al. “Creep.m”

function [bl,bh] = creep(position,v PXI,vlevels,sampling,window)

v = v_PXI;

x = position;

Voltage levels = vlevels;

t = l:max(length(x),length(v)):
t = t/sampling;

tolerance = 2;

dt = ;

v_low sat = v(l:floor(numel(v)/2));

x low sat = x(l:floor(numel(v)/2));

time low sat = t(l:floor(numel(v)/2));
v_high sat = v(floor (numel(v)/2)+1:end);
x_high sat = x(floor(numel(v)/2)+1:end);
time high sat = t(floor(numel(v)/2)+1:end);

figure('Position', [ 1)
hold on;
for i = l:numel(Voltage levels)

ndx = find(abs(v_low sat-Voltage levels(i)) < tolerance);

ndx = ndx (1) ;

onset time(i) = time low_ sat (ndx);

ndx = find(time low sat > onset time(i) & time low sat <
onset time(i) + window);

t red = time low sat(ndx)'-onset time(i);
x red = x_low_sat (ndx) ;

p_low sat(i,:) = polyfit(log(t red/dt),x red,l);

subplot (ceil (numel (Voltage levels)/2),2,1i);
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hold on;

plot(t _red,x red);

plot(t red,p low sat(i,2)+p low_sat(i,l)*log(t red/dt),'r--");

ylabel ('Displacement [\mu m]');

xlabel ('time [s]');

grid on;

title(strcat('Voltage Level: ',num2str(Voltage levels(i)),' V'));
end

print('c:\reportImages\creep asc.bmp');
close;

figure('Position', [0 0O 800 8007);
hold on;

for i = l:numel(Voltage levels)
ndx = find(abs(v_high sat-Voltage levels(i)) < tolerance);
ndx = ndx (1) ;
onset time (i) = time high sat (ndx);
ndx = find(time high sat > onset time(i) & time high sat <
onset time(i) + window);

t red time high sat(ndx) '-onset time(i);
x red = x _high sat(ndx);
p_high sat(i,:) = polyfit(log(t red/dt),x red,1);

subplot (ceil (numel (Voltage levels)/2),2,1i);

hold on;

plot(t red,x red);

plot(t red,p high sat(i,2)+p high sat(i,l)*log(t red/dt),'r--");

ylabel ('Displacement [\mu m]");

xlabel ('time [s]');

grid on;

title(strcat('Voltage Level: ',numZstr(Voltage levels(i)),' V'));
end

print ('c:\reportImages\creep desc.bmp');
close;

bl
bh

p_low sat(:,1);
p_high sat(:,1);

124



A2. “Hysteresis.m”

function [hw, p2p, hp] = hysteresis(position,v_ PXI,sampling)

num_samples = min(length(position),length(v_PXI));
N= floor (num_samples/sampling);

ndx=1:1*sampling;

pos_avg = zeros (numel (ndx),1)"';
v_PXI avg = zeros(numel(ndx),l)"';
for i = 2:(N)

ndx = ((i-1)*sampling)+1:((i)*sampling);
pos_avg = pos_avg + position(ndx);
v_PXI avg = v_PXI avg + v_PXI(ndx);

end

pos_avg = pos_avg/ (N-1);
v_PXI avg = v_PXI avg/(N-1);
[vmin,ndx] = min(v_PXI avg);

v_PXI avg = [v_PXI avg(ndx+l:end) v PXI avg(l:ndx)];
pos_avg = [pos_avg(ndx+l:end) pos avg(l:ndx)];

[vmin,ndx] = max(v_PXI avg);
v_PXI avg ascending = v_PXI avg(l:ndx-1);
v_PXI avg descending = v_PXI avg(ndx:end);
pos_avg ascending = pos_avg(l:ndx-1);
pos_avg descending = pos_avg(ndx:end) ;

minv = min(v_PXI avg ascending);
maxv = max(v_PXI avg ascending);
v_resampled = linspace(minv,maxv, )

[v_PXI avg ascending,I,J] = unique(v_PXI avg ascending);
pos_avg ascending = pos_avg_ascending(I);

[pos_avg ascending,I,J] = unique(pos_avg ascending);
v_PXI avg ascending = v_PXI avg ascending(I);

[v_PXI avg descending,I,J] = unique(v PXI avg descending);
pos_avg descending = pos_avg descending(I);

[pos_avg descending,I,J] = unique(pos_avg descending) ;
v_PXI avg descending = v_PXI avg descending(I);

pos _asc_res = interpolateld(v_PXI avg ascending, pos_avg ascending,
v_resampled, 'linear');

pos_desc _res =
interpolateld(v_PXI avg descending,pos_avg descending,v_resampled,
'"linear');

[value,ndx]=max (pos desc res-pos_asc_res);
hysteresis width = abs(pos_desc res(ndx)-pos_asc_res(ndx));
peak2peak = max(pos_avg)-min(pos_avg);

hysteresis percentage PXI = hysteresis width/peak2peak;

disp('Hysteresis Percentage, PXI voltage:');
disp (hysteresis percentage PXI);

disp('Hysteresis peak2peak:"'");
disp (peak2peak) ;
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areatot=polyarea([v_resampled rot90(v_resampled,?)]1*20,-[pos_asc_res
rot90 (pos_desc res,2)1); SV*mu_ m

disp('Hysteresis Area:');

disp(areatot) ;

figure('Position', [0 O 800 6001]);

plot ([v_PXI avg ascending v_PXI avg descending(end:-
1:1)1,[pos_avg _ascending pos_avg descending(end:-1:1)1);
xlabel ('Voltage [V]');

ylabel ('Displacement [\mu m]');

grid on;

title('Hysteresis');
print('c:\reportImages\hysteresis.bmp') ;

close

hw = hysteresis width;

p2p = peaklpeak;
hp = hysteresis percentage PXI;
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Appendix B

LabVIEW Project Instructions

The work presented was carried out using National Instrument’s LabVIEW 2011
Service Pack 1 edition software.

The LabVIEW Project file, which opens the project, is located in the “Real-Time”
folder and is called “StressedPiezoTestbench.lvproj”.

Inside the project, the server application, named “SPTB_Main 1.0.0.vi”, is located
under ‘“NI-PX1e8133-F1409C7\Real-Time\VIs\”. The client application, named
“client Main.vi”, is located under “My Computer\Client\VIs\”. Both of them are
highlighted in the following figure.

The Matlab files (“creep.m” and “hysteresis.m”), as mentioned, must be placed in the
default MathScript directory in order for them to work properly. They are located in

“Support Files\Matlab scripts\”.
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Lastly, there have been reports of incompatibilities of the National Instruments
‘Report Generation Toolkit For Microsoft Office’ version 11.0.0 with Microsoft
Office editions newer than 2003. Specifically, the “Append Table to Report.vi” does
not function properly and the problem is that column labels are printing where the
data should be. This happens because recent Word editions treat cell separators while
pasting table contents in a different way than previously. The report generation toolkit
uses line feed (LF, \n) to separate both columns and rows, filling one cell at a time,
from left to right, and then continuing with the next row. However, newer Word
editions expect a tab (\t) character to separate each column and then a line feed to

continue on the next row.

A workaround to this problem is to replace the original “Word Update Table.vi” and
“Word_Insert Table.vi” files with the modified versions located in “Support

Files\Word Array Fix\”. The original files can be accessed in “\National
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Instruments\LabVIEW 2011\vi.lib\addons\ office\ wordsub.llb” inside the

installation directory (usually “C:\Program Files\”).
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