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ABSTRACT

This research project presents the development of multi extruder 3D printer and ambient
environment control with data acquisition system. The developed project consists of a multi
extruder 3D printer, a 3D food printer, an ambient environment control system for 3D printer and
a system for measurement and data acquisition of ambient environment variable. Moreover, the
position detectors for the motor movements of extruder and base for 3D printer are designed. The
result of the developed multi extruder 3D printer with PLA filament printing showing the
developed printer can construct the 3D workpiece as design. The result of the developed 3D food
printer demonstrating the 3D food printer can create 3D chocolate for white and dark chocolate
very well. For testing of the ambient environment control system for 3D printer, it appears that
the system can quite minimize the smell and pollution from 3D printing. For testing of the system
for measurement and data acquisition of ambient environment variable, the developed system
can collect the data of temperature, humidity, lisht quantity and also time for collection. The
obtained environment data can employ for the further research in the agriculture field and air
quality analysis. The result of the position detectors for the motor movements of extruder and

base of 3D printer shows that it can efficiently operate and compensate the temperature effect.

Keywords: 3D Printing, 3D Food Printing, Weather Control System, Weather Monitoring and
Collecting System
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2) Acrylonitrile-Butadiene-Styrene (ABS)
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3) Polyethylene terephthalate (PET)
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4) Nylon
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5) Thermoplastic polyurethane (TPU)
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6) Polycarbonate (PC)
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JUN 2.19 sagaasosfiunaudfsyuus@uluy DLP : www.print3dd.com,

www.wow3dprinter.com

2.1.2.2 Stereo lithography (SLA)
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Diagram of SLA printing process

5UN 2.20 Fpe Ao HANARTEUULSTULUY SLA : www.print3dd.com,
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lﬁlé’gﬂmaamzﬁmﬁwﬁLﬁu%’wwa'gm (Support) Irfutiueu fuiunuiitinuadududeu fdwdu
senunflifirnusnfufosaddmesniiudy wiilomnssuuiifesmsnalunmssruisanudon
foutauy Suhlideddnaslunmsaidunuuy LarTIMYeATEITIReuTNIg

Py ; S e v .
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5UN 2.22 nanmsinueTesiiuiauiiiseuu Selective Laser Sintering (SLS) :

www.livescience.com

gll‘ﬁ 2.23 fpgaasosfiuriaufiissuu Selective Laser Sintering (SLS) : www.directindustry.com

2.1.5 1A30INUNENARTZUU Material Jetting (PolyJet / MultiJet Modeling)
LATOINUNIZUU Material jetting azidnwaizn15Muad 1w ULIATOINNNDIALAN LAY
a v a s A ea g v 9w N0 9 Yv & o U A ) =
n13@nTanindwesiaaasuugiuinifiastuy wadlduasgIvilvudeialuiud Wumelulagnldly
LAIDINUNTTAUGAEINTIN Ausaas T uunliguantAvaiowuy wunatainuds Jagla Jag
- ' A4 a cw & = A d A cda = = =
gangu (nIefunianvatgyseianluduanuder) deduasesiuriniinuazidun uaziseulileuga
wingdwsunsilddszgndlddmsuiduanuduwuuninuaiouass
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5UN 2.24 nanmsvinuasesiuiaulfissuy Material Jetting : www.best3dprinter.org

5UN 2.25 fpehaesesiiuiauiiiseuu Material Jetting : www.computerworld.com
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http://www.best3dprinter.org/
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2.2 \W3esiuriauiAdmiue s
\nsesiusianuidmivemnsdueiesfinifiosnuuuuiefaniormslasianz Tned
yanmMsvaudey fe azivasavideuaugaiiussyingiunieomsdmiunmsfisiadly 1wy dealn
was 1na videutous (udy ndufaginnisudesliduniriiveasdesfintlunsusningiu
vidoomsiuidneenidusuineineg suigldnusenuuuly Fanmsfissievnsamdfazyiliia
anuazmnuAgldnulunisadnermsfisisuiramileuiulimamning vioamsondneinsidl
U193 aufigldaueenuuuly TnslitusgfurinugvieUsaunisaivesiuan uananidada
Usgndnsuuusitomsuaziumuanudeinsiazanuvaudiumluidazunna

5UN 2.26 nanmsinuvetATosiuiauiifdmsuams : www.dailymail.co.uk
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JUN 2.27 Megraesesiiuiauiiidmiue1ms : www.3dnatives.com

2.3 unagyd

Mnseasdenvouniosiiuiawid medelunsiuriuay Yageneg Aldluedesiaiawds
Fafindnandrsiu dliaTeRnuuannuAnfiasfauieiesfuianiinduulassgsgautiuluns
fiun  e3esfiusianudfnuunaieifind wIsafiudarudfuuuldfueivis szuuauay
4n1nuIndaY LagszuunvTaLaziiudeyaaninwinden naenaunisiaunalalunsnsiadu
Funtinsidouiivesinfiurinasguiuidmiuedesfiuiauia
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LATDINUNANUNRLUUNRAYRANUN

MNTNYALLBYAVDUATDINNNAURALUUA19 na1lUudT Laesiuiauilflafin1siamuiegi
sotlownlagnaoanaud LY iAkISIalnATeINIINTTUIUTUNUENERL UL dnsuluun

v
S Va v

tnaifeagladnauanisesniuuiazaiisasssiiuiaudfiuunateiiuilagldiandanan
wanafntuguuuuiidududutanlunsfividuanu lneseasdeavedlasiaimasnudiulsenou
AN99 VoATBIRUNELTALUUTAgII NN AN LU UNAUN TWINELNTaLan L el

3.1 1A59a319LAS a9 NUNAUTR WUUNALRINUN
dwiulassahaasesiuianudfuuurangiiiuianansouanslanaguin 3.1

LCD Display
. )

)
Heater Driver | Heater I
— :] [ L[ _— ]’l
)

Heater Driver Heater II
)

Stepper Motor Stepper Motor

Driver Feeder I

~——

N

MAIN CONTROLLER Steppe.r Motor Stepper Motor | —/
Driver ] FeederlI [
~— ~——
] L
Stepper Motor Stepper Motor | —/
Driver ] X Axis
~— ~——
) )
| — I\ Stepper Motor Stepper Motor | —/ - -
1 Driver 1 Y Axis 1
~— ~——
S S .
3D Printing Stage
Stepper Motor Stepper Motor ||
Driver 1 Z Axis 1
~— ~——

Power Supply

)

J

Computer Control

sUM 3.1 Tassadaesesiuianudfvuunaneviiiun
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21307 3.1 wandlassadrandesfiuianufifnuunans i fazsnsiau s uands
Usenausmudmlsenaunanane loun Aeuiamesdmiuniuaussuy (Computer Control) 58UU
AIUANNAN (Main  Controller)  gaduaiiuiUasueines (Stepper Motor  Driver) gaduan
aamANFeu (Heater Driver) YauAAINALDATH (LCD Display) uazdiusninuaivosadosiusiany
JRALUURAIEEINLN (3D Printing Stage) Iﬂaswaas@amaqqﬂﬂsail,wiassi’mmmmLLamlﬁﬁ’qﬁ

3.1.1 szuuAUAuYEn (Main Controller)
dmdvdrunuguudnveaiaiesiuiaufiiuuuvatsifiud nagideidenldvesa
lulpsaeulnsaiaedsu MKS GEN-L V1.0 anlflunismuaumsieuvesssuy fednvazuay
AuautAvesuasalulasreulnsaans u MKS GEN-L V1.0 ansnsauansfaguil 3.2 faguilazniss
3.1

Ul 3.2 nwaizvosueinlulasaoulnsaass Ju MKS GEN-L V1.0 : www.ebay.ca

Uil 3.3 suevesuasalulasoulnsaians §u MKS GEN-L V1.0 (mm) : www.vialiexpress.com

s - ) @ 7 - = g ' Yo Y c ¥ 7
enansiiduenarsiavubidmmsumslvnuienisdinwinity lweygalnhlulydselesununisnn

v v
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http://www.ebay.ca/
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Uil 3.4 madleusieveinlulasaeulnsaians fu MKS GEN-L V1.0 (mm) : www.vi.aliexpress.com

3.1.2 ym%’uatﬁﬂtﬂaiuamaé (Stepper Motor Driver)
dwsugaduaiuesuameinisidedenlduesa AG988 Fuduuesailisuaiiu

a ° v v [ s ¢ o 6 £4
feugegnesnuuuindmivivaiiuilesuamesingianie a1uisadrludssendldlavainvaie
| | s A A3 o =y A4 a ¢ an & ¥ ao & v ¢
JULUU U vuUd 1ASesdud (CNC) vise wsesiiuauiia 1Wudu tnglulasinsideilayldueia
o I ¢ ¢ < a ¢ aa U a ¢ o - '
A4988 lun1sduaiiuilesuaineiveunissiuiauiiinuunaieiiud lngdnuuzuaznseuss
Tdauresuein A4988 aNTALAAIAIFUN 3.5 UargUn 3.6

;J‘U‘ﬁ 3.5 aNwAUBIUDTA AG988 : www.makerfabs.com

wnanstduenansianubdmsunislvnuiionisnwinitu lueygislmiluladssleguniunisen

lunnsdilaqiiadu Sntamuliludnulasilont wazmneindataaivesenasynasandnisunlule
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JUN 3.6 dnuaizn1sensioldiuresuatn A4988 : www.pololu.com

3.1.3 YaLANINALEaTA (LCD Display)
dviuyauananaleadiaylddmiuniuauuiasuananan1sinLYeLaT eI ia LR
wuunaeviian Jaideiienlduain.Rueatnsu MKS TFT32_L V3.0 fuldnuaeagui 3.7

3‘1]17; 3.7 U@%M@LL%%%H MKS TFT32_L V3.0 : www.aliexpress.com

3.1.4 lw@namnsiad (Solid State Relay)

Tednaweiadidugunsaififenldlunisemuaumstadiavhauresgunsaiisluluanyie
AU (Resistive Load)itu Bnines (Heater waonlwvide Inanadaiinied (inductive
Load)tu 1181Aa3 (Motor) waanmnufouiosanledaamndiadialinidudalunsUnidaudld
weluladvesgunsniatsfeiatinSemiconductor) wnurinlilaififudniiiadeuiiieiliandes
sumuiintuandaduuunidula mnzaufuveuiifauidlunsiasdedes anlgyninisdnuse
vosthduda (Contacthilosannmisiinensa  (Arouazengnisldauvedlednatansiaduiunia
dmivlueTesfinsiadduvunangsifiad  azliledaameiiadlunsladanisiauresgiuii
ANTeU (Heat bed)lngSudyeyianisaiuAuunanuasalulasaeulnsaaassy MKS GEN-L V1.0
Tnelodnannsiadiildarlisu SSR-600D Fafldnwaizguing nmsidouseldny wazamuandadagud
3.8 43Ul 3.9 uavmI1edl 3.1
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JUT 3.8 dnwariUs1weslednamniiagdsu SSR-60DD : www.th.aliexpress.com

JUN 3.9 Megrmswenseldnulednamaiiadiu SSR-60DD : www.spanish.alibaba.com

M1919% 3.1 AnaudRvesledinamniiadiu SSR-60DD

Input 3-32VDC 12mA &12V
Output 3-32VDC/5-60VDC(60AMp)
Control type Isolated by Photocouple
Response time ON<10ms/OFF<20ms
Voltage withstand Over 2.5Kvac/1Min
Insulating strengh Over 50m/500DC
Dimmension 63*45%23.2mm

3.1.5 g1sanasvaaAasRuwaudifuuunaeiIRay (3D Printing Stage)
dmsuludruninnasvosiadesfiniaufiiuvunarsiafiu neideldsiinng
2ONLULLAZTNNTES19lATIAS eI UAT DU T,maé’ﬂ‘wmﬂﬂiqa%wméfwwﬁmar;:ﬁ%’aﬁ@um
Jusnansnsauandldfoguil 3.10 Seguit 3.12

s - ) @ 7 - = g ' Yo Y c ¥ 7
enansiiduenarsiavubidmmsumslvnuienisdinwinity lweygalnhlulydselesununisnn
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0 O

L

56 cm

\

5UM 3.10 lasaseduansawisvasasasiiuiaulfnuunaieviniiun (Aunin)

56

cm

5UN 3.11 lassasndiuaniauisvasasasiiuiaudfnuunaneiun (A1ud1)
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i 1 o:|56cm

— 50cm ——P

5UN 3.12 lassasndiuaniawisvasasasiiuiaudfnuunaieviiiun (Auuw)

NFUN3.10 Qegud 3.12 wandlassasisvessuuuuiasasiiuiaufifuuunaieiafiu n1eagide
Igvimseenuwuuiun mMeideiilasainiesnuuuluaisiuwuulngldegiidenlusivauviing
a5 Inednvauglasaiwesduwuuimeiduainumanunsauansanagui 3.13 Sagun 3.16

UM 3.13 ipsesiiuianulfuuuvateifiusinilaeeniuuiimundug (unin)
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JUN 3.14 Sesiiuanudfuuunangviiiuiiilaeanuuuiamnuin (Mudne)

JUN 3.15 sesiiuianudfwuunaneviiusinlaoenwuuiamnuin (Muuw)
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UM 3.16 sesfiuanudfuuunagiiiuindougiusesfiannsandounte
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3.1.6 TWsunsudmiuaugunisineuelasiiaiaufifuuuvanea i
dmsulusunsuaIuaumsvhauveaiosiuiaudfuuunateiafiud negide
Gonldlusunsy Cura Fadulusunsy Open source TllunsfuImdumaRuvesifium
(Tool path) &u5enin Slicer Tne TUswAsy Slicer axvimihilunsuustunaaudffioonwuuls
Thduduquazduumidumaiuvesifiud einognmihesvedusunsy Cura @mnsonans

leiwagui 3.17

5U# 3.17 segraminaevedlusunsy Cura

3.2 NSNAFBULASBIRNWENMTRLUUVAN BT RL

Mnlassasveaiosiiufianufiiuvunansimfamiiinaideliinsoenuuunazaiie
Funvuiedosiuiauffuuumaneafiitus magideazldinsmeaeuiaiesfuiuuiuiiasud
WUU PLA (PLA Filament) 3@ Polylactic-acid Filament dadumanafnléunandrunan Jngyma
5ITUYIRA LU @l TEnaUT NG W Sty ﬁQﬁaaﬂwaLLa@aiugﬂﬁ 3.18

s - ) @ 7 - = g ' Yo Y c ¥ 7
enansiiduenarsiavubidmmsumslvnuienisdinwinity lweygalnhlulydselesununisnn
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5UT 3.18 fegravesilanuusiuuy PLA (PLA Filament) fildlunisnaaeuinsasiuianuidfuuy
nagIIRUN : www.technologyoutlet.co.uk

dmdulunisnaaeuiadesfiuiaudfuuunanesfniiviinisadistunn sslddunuuiuemu
dusumsiunanuledves Thingiverse (https://www.thingiverse.com/) snlglunisvaaaunis
fuduauronesastuLuuitautwnlnslunsageuazwenoendy 2 wuu Aensneaeulneld
o) waznsnaaeulngldanesiiud diseazdundeluil
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3.2.1 n1snagaulagldiinunLhien

dusumsnaaaull aLlEAIINUNANULRALUUNAYTINUNNYINNNTES 19V UL LNEIAIRUN
Wwedlunsiamidua Aeanslugun 3.19 fa JUN 3.26

JUN 3.19 JUsULUUYRRuUENTRLUY Elephant naufivgdaluvinisiius

v

JUN 3.20 unuauiiiuuy Elephant Mfiamilagldfanuuduuy PLA @6
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JUT 3.21 Bunuauiiiuuy Elephant Nfiuilagldianuudiuuy PLA ddu

UM 3.22 Junuauiifuuy Elephant Nfiuilagldfanuudiuy PLA @i

dy ~ ~ o 1 “ = = ' gj ! “ ) ~ ¢ ~
wnansiiduenarsianubidwiunislynuiiensfinwimiu lueugalnillsdsslosununisen
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JUT 3.23 sUduLUUTRUUANTIRLUY Fish Fosszil Aeuagtluynsiium

(%

JUT 3.24 Funuaulifiuy Fish Fosszil Nfiuvilagldlauuduuy PLA Fan
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http://www.xyzprinting.co.th/th_th/Product/PLA
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JUN 3.25 JUAULUUYRITuUENAIRLUY Blinking Iris Googles fiauiazinluinn s

(%

5UN 3.26 Fuaruauiifnuy Blinking Iris Googles Niiuilagldiatausiuuy PLA &
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http://www.xyzprinting.co.th/th_th/Product/PLA
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3.2.2 nsnadaulne lgLuunangiiInun
AsUNsNAaaUNE L EAIBIRNUNANUTRUUNA18FIRUNANN15AS19 b neld a8 wI R
Tumsiuiguau deuandluguin 3.27 fegui 3.30

JUN 3.27 sUAULUUYRLUALTARUY Cupcake founvzinluyinsium

Y

[

U 3.28 Junuauiifuuy Cupcake iiulagldlanuusiuuy PLA 8u1iuagdih
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3UN 3.29 UAULUUTRUUANTIRKUY Fish Fosszil feufiagtiluyinsiium

JUN 3.30 BunuaulRLUY Fish Fosszil Ifuvilagldlanuuduuy PLA du1iuazdih
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http://www.xyzprinting.co.th/th_th/Product/PLA
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3.3 unasy

MNNIHA 8579 wazvaasuedosiusiaufiAuuunanefiusifaeaz Beniina1iandredy
wandliiuineiesfuianfifuuunane v fuidiautusnansofissiduenuaudflugluuy
sneq Iidueenad Tneldvanlunmsfissifduiianmusiuu PLA (PLA Filament) %13® Polylactic-acid

Filament
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LASDINUNAUARFINSUDIUNS

dmsuluunifidearldnaniaimsoonuuunazaaedesisniauddmivewns(l] ifesain
Iuﬂ%ﬁuﬂizwlmimEJﬁuiam&mﬂ%’%maiuﬂ’ﬁﬁ%ﬁﬂﬁﬂizmmlwmﬂu “asrvealan” danavinlid
mimwwmiuwmm faziuvaelunisudn AIUAL AUA LAZATIVABUANNINYDIDIMITLIAY
mmﬂaamwnmumaummevmumswammamu‘tmavmma ¥ANNUABANYANANTRYA) LAz
mmiamnaawmmammqmlm miLLUigﬂamqu‘LmUuaummEJmﬂiuiaawuamal,mwaam Y
LarnsinsimnefilusEansnm 957 wazUasnde mailfieadiernudesiuliiuguslaaily

Y
aa o

waginsUszing 2] felulasamsideiidldfiuuamunlunmsiaieiesisianfifdmivems
Junlnelitanuasmaluladneluvssmadiioduwmddunisdaaiunissdnesiidanuagen
wazdanndvgs uenaniswhlmAnaunailunissdeduiiiuuesuuuiioatulaglidesdi
PutUeINan Gurdisnevauslouisvessgutalunisiesilisemalnefu “asives
Tan”  fiduedned lnsneasBonvonnosfiuiamiffagrinsfuutuinannsouansldds
swazdoasioluil

4.1 wwInNuARYBLATEIRLWE ARG MUEIMS

dmdunmanudalunsiameiosfiniauifdmive sty Tudaguldfinisdnu
Fupiuarnisiidetunnmnae lidesdunsiamsiuresiuedesisiandfdmivemis
Fane1mslunisiinisiun saenduwnalinluniseanuuuluinavete mskagmaialunisnun
91IuUUAeY Temefitearldesue seasBendeelull uuiAnveneiesfuriarudfdmiy
913B1INNANIFBINSHARS T vUITE DN ST EnWaEgUS 9N veaguilaa Feanadnm
Aevesuslaavzgninanaitluealugiiuuauiifnmelusunsusiigg Wy AutoCAD, Solid Work,
3Ds Max, Zbrush, Maya, SketchUp ua¥ Adobe Photoshop tJusu Ntz lumailauulas
Tegluguiuu G-code FafumuniiadesiiuianufialdlunmsaveuinadesisTusunsudmiuld
fuspSofinanudid iy Cura, Simplify3, Kisslicer, waz Slic3R vudu G-code ﬁié’%g_]ﬂdﬂlﬂ
UM sRsiruvioswnsmusUuuuTieanuuuly Fetuseuiiuansiiluzud 4.1

wnansiidwenasianubidmsunslvnudionsfinwimu lweugralwilulyusslesuaiunisen
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sU# 4.1 WUIAUANYBILATOIRUNALTRAMSUDIS [1], www.futuristspeaker.com

4.2 MALAYILATRINNNENIRFMTUIMS
Tutagtulaimsiamesesiunanuifdmuamamemnaiamnie Juanunuy Judas
wiallanfideddeidauanseiuludineazidennelull
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4.2.1 Selective Laser Sintering/Hot Air Sintering
dnfuadosiuiandfdnvommsuuuilfiawes (Lasenviooinia¥ou (Hot Air)
Tunmsadeeufeudiemnusimanionsudsdivasusutuduvesufmmzlieiisdomising
mawdeufignusostunulusnssuivuny X wae Y idlevhmsaaasandstuaziinisindens
dhmavienwdaitevmsadistunuiudely Faedosiniasiuuuiludesy luusazduauldauy
vidoosluguuuvanudidnudnunriioonuuuld Tnsdnvarlasiaisveaniesfunianiadmsy
ownsiilfinadadannsouanddfeguil 4.2 uargud 4.3

JUN 4.2 \pTesfiuiianuiiidmsue1msuuy Selective Laser Sintering [1]

JUT 4.3 inTesiiuianuiiidmiue1msuuu Selective Hot Air Sintering [1]

wnanstduenansianubdmsunislvnuiionisnwinitu lueygislmiluladssleguniunisen

lunnsdilaqiiadu Sntamuliludnulasilont wazmneindataaivesenasynasandnisunlule



aq

4.2.2 Hot-Melt Extrusion/Room Temperature Extrusion
dndupsesiuianuiiidnduemswuuiesldimedianisendiulszneuvasauy
yi3oawns wu Feelnian Ta a3u (udu duRuidead sduaniifisuuuunmudesnisiaonis
L?iaugmim%yumuiuL.Lm'izu’mLmu X wag Y Wlasusimusasnis dlevhmsadnadaniletufios

I
Y

Fnsdeuhiuiuiioadedunulududnly Suasesiuiasiuuuilvibesy luudazduauly
yuavideawnslusUuuvaudfnudnvasieanuuuly funadadasivionuuldiRuia ddauls
Au¥eu (Hot-Melt Extrusion) Famngdmiuianlunisfaniidosnisanuieulunisasyazans
W Foalnan waswuuildmfuiildfianlvnnudeu (Room Temperature Extrusion) 89wune
futarlumsiusindidnwarseushlugamaiivies 19y Javierdu 1udu JueTesfimiauifdmiu
p1MIuuVtazivuadn neiiafauazAiigednus uiaiidesindosnadeontanlunisinum

a L4

fiul wagldiaanlunisiiuiuiy naenaue1ainansenuNANUNURILYBIRUNTABUN d1M5U

v

dnwaurlasiaswenAIasiuiauliidmsvemsildmaialanansouantangui 4.4

JUN 4.4 \wTesiiuiauiiidmiuemsuuy Hot-Melt Extrusion [1]

4.2.3 Binder Jetting

dmsuinIesiuvianuiifdmiuosuuuiiozondonsldfiusinuansBaniziniu
asluuvugusesiifunsutviethaarilimanmeivesuwieinalidusuimudeans
TnedaiA3osazyinsmMsdsuiRuwlunulssuIuLny X uag Y Lﬁav‘hmsw'umsﬁmLmﬂﬁléfgﬂ'ﬁ'w
Audanig Wievinnnsadrnasandetuaryinnisinasusiiaandensudaiiernnsadisiuaudu
selu FapdesiuriasiuuuiluiEeny IuLLGias%guﬁmlé’ww%ammﬂugﬂLLUUﬁﬂuﬁammé’ﬂwmzﬁ
sonuuuls dmsudnvazlasiadieuniesfiuiaufifdmivemsildmaiatausouanslass
Ul 4.5
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JUN 4.5 ipTesiiuiauiiidmIue iy Binder Jetting [1]

4.2.4 Inkjet Printing

be

ANNTULATDINUNE UL R A NS UM THUURALLNANNNTYNUARIEAULAT DIRUNLUU

'
6

Sefdndauandlusuil 4.6 SaedosiuiuuuiasldTanfuidtdnvasmarlunsfiailngldvaaidy
Tagumusui@n(Pneumatic membrane nozzle jets) ttetutagfiuilvmeaasuugiusonindy
sUs1emuiaInTs Wevhnsfissiasandsduagidouifinitudierinisaidunududely d
wdosfuiagshuuuiiluFesq auldvuvdoormsluguuuvanifnudnuasiiesnuuuly feund
wdnadesiuriaudfdmivemnawuuiasmngdniuanussdofiniiuia 01m13 Wy sy

WAL N Yuntansautazen sy

UM 4.6 asesiiuianuiifdmsuanmsiuy Inkjet Printing [1]
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PMNTIUALLBYATBIAIDIRNNANTRG IS UM TMTIMATlAR1eY Adnaudslunnay
wiadialadnisihunyssgndldlunisudanianismasinegnslunisned 4.1

A1519% 4.1 Fog1aATesuiaNNRd MU MTUOIUIENANGY [1]

Company Chocedge Natural Machines 3D systems De Grood
Innovationsa
Machine Choc Creator Foodini Cheflet FoodJet

Technologies

Hot-melt extrusion

Room temperature

Inkjet powder

Inkjet printing

extrusion printing
Materials Food polymer Semisolid high- Powder such as such as paste or
powder viscosity material sugars starch, corn | puree
such as chocolate | such as dough flour, flavors,
and liquid binder
Platforms Motorized stage Motorized stage Motorized stage Motorized stage
Heating unit Extrusion device Inkjet binder Inkjet printhead
Extrusion device printhead Powder | Thermal control
bed unit
Fabricated Customized Customized pizza | Sugar cube in full | Customized
products chocolate and cookies color cookies,

bench-top food
paste

shaping

dusululassninsideilazinemaiin Hot-Melt Extrusion dntgluniswaunasasiunay

aa o U L% a 1 ‘;’
Mﬁﬁ’]%iU@’]‘Wﬁ@l\ﬁ’]EjagLEJEJ@G]EJI‘LJ‘L!

4.3 NMIBNKUULAZEZ1LATDIRUNAUTAFIUTUDINNS
AUTULATIRUNANTRE 1T UD MM THRIUNI 9z UTENaUAILEIUUTENOU NANANN

laun mawfiumesdmsualuAuszuy (Computer Control) sEUUAIUANYEN (Main Controller) 4

LY <

TuaiviUaiuawnes (Stepper Motor Driver) ¥atuunaInai1usau (Heater Driver) Yauaninawea

FH (LCD Display) wagaiugNsauwIsvouaTasiunauilfd11sun1us (3D Food Printing Stage) &4

anunsauansldnsudenlaozunsuluun 4.7
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enansiiduenarsiavubidmmsumslvnuienisdinwinity lweygalnhlulydselesununisnn

lunnsallagvisdu dnviemuiilnanudaaiion wagmos
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LCD Display

MAIN CONTROLLER

USB

Computer Control

NJUT 4.7 wansudonlaozunsuveda

S
Heater Driver Heater
N———
) )
Stepper Motor Stepper Motor
Driver Dispenser
N— N———
S S
Stepper Motor Stepper Motor
Driver 1 X Axis
N— N—
) )
Stepper Motor Stepper Motor
Driver ] Y Axis
N— N———
S S
Stepper Motor Stepper Motor
Driver Z Axis
N— N—
-
Power Supply
.

= a ¢

[

eazdenveigunInlidazdinaIunsouanslanadl

TRINUNAULRA

a7

— U —
[ [
3D Printing Stage

JUN 4.7 vdealaazunsuvetAIaIiuadRd MU TIRE U LN

ANNSUDNMITNAENAUITULND



a8
4.3.1 ssuuAluANVan (Main Controller)
dmsudiuatuaunanve AU RauiAg mTueIIs MeiIdeidenldueda

Lulaspeulvsalaes ATmega2560 unlFlun1sAuANNISINALYRITE UL B9dnwazikazAuaulRved
vesalilasmoulniaiaes ATmega2560 anunsauanInaguil 4.8 uagnns19i 4.2

5U7 4.8 nwazvasuainlulasaoulnsaiass ATmega2560 : www.arduinoall.com

A13199 4.2 AuaudRvesuainlulasaeulnsaiaas ATmega2560

Microcontroller ATmega2560

Operating Voltage 5V

Input Voltage (recommended) 7-12v

Input Voltage (limits) 6-20V

Digital I/O Pins 14 provide PWM output

Analog Input Pins 16

DC Current per I/0O Pin 40 mA

DC Current for 3.3V Pin 50 mA

Flash Memory 256 KB of which 4 KB used by
bootloader

SRAM 8 KB

EEPROM 4 KB

wnanstduenansianubdmsunislvnuiionisnwinitu lueygislmiluladssleguniunisen
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http://www.arduinoall.com/
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4.3.2 LW9nIUAN RAMPS 1.4
LHIAIUAN RAMPS 1.4 ddmsunisifeuseuednlilasreulnsalaniATmesa2560
guUns0lA9Y veuATesiuianufifdiniuenms wu Wafiund yaaiuesuomes Wusu laodnumy
vosmiveiauaznisifouiegunsalingg vesussmuaN RAMPS 1.4 annsauandldfasud 4.9 uas
U7 4.10

31]17; 4.9 ”ﬂwm%mmmmm RAMPS 1.4 : www.geeetech.com

3UN 4.10 dnwzn1sWesogUnInlenge YeaunenIual RAMPS 1.4 : www.geeetech.com
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http://www.geeetech.com/
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4.3.3 yw%’uatﬁﬂwa%mmaé (Stepper Motor Driver)
dwiuygatuaduiesuemedmeideidonlduedn A1988 Faduueiniiladiuain
feugagnesnwuuindmivtvaivesuewesinaniy awnsaurlyszandldlanainuane
SULUU 1 vusud 1a309B18ud (CNC) vide iedesfiuianudii (udu Tnednuasiazauaiifves
UB3N AG988 aaNsALARIRIFUT 4.11 uazansedl 4.3

3111'7; 4.11 SnwagUpIUnsn A4988 : www.kuongshun.en.made-in-china.com

M19199 4.3 anaudRvesuesa A4988

Technical Specs Value
Operating Voltage 8-35V
Logic Voltage 3-55V
Continuous current per phase 1A
Maximum current per phase 2A
Microstep resolutions Full, 1/2, 1/4, 1/8, and 1/16

4.3.4 YAUEAINALBaA (LCD Display)
dmMSUYALANIHAKEaTA T MTUAIUALLAZUARNINANITVINATUTD AT DI LAY
fRdmiuems Faideidenldueinieueadfiu 2004 LCD Control Board  @aildnunizsiaguil
4.12

L g - ) @ 7 - = 'Y ' Yo Y ¢ 7
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31]17; 4.12 Uaiﬁ‘maLLaa‘%aiu 2004 LCD Control Board : www.thai.bestpriceupdate.com

4.3.5 g1sanasvaaadasiaaudindmiua1ms (3D Food Printing Stage)
dmsuludiusinusveamdosiissianuiidmivemmsmeideldimsesnuuy
wazThmsaelasiEseEIuRne U ImEJé’wmﬂmqa%’mmé’fmwuﬁmN;ﬁ{fﬂﬁmmﬁummmm
wanaldiaguil 4.13 fegud 4.15
e

!

A
=
o0
i ][0
— —
\

4— 60cm ———»

5UN 4.13 lassasidiuansawisvaasasiuiauifd mivems (Munt)



60 cm

< 62CMm ——

JUN 4.14 lnssasiaiugsauiiveaasesiiuiaudfidmivenms (futna)

L]

]

4— 60cm —»

A

62 cm

JUT 4.15 lassaieduansawiivenaiasiiuiauiifdmsueanms (uuw)
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IN3UN 4.12 fe3UN 4.14 uandlassaiiavesiuluunsesiiniauiindmivomis imeidele

MseenwuLTuN Meideinlassaiidesnuuulaiiunuulaglduiuesa3dna (Acrylic) 11vin
138519 IngdnuaelaseasvesuluunnIgIduasituiainsouandlanagu 4.16 fegun 4.18

JUT 4.16 sesiiuianudfdmuomsuuuniloiiinlasenuuuiamnuin (hunt)
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JUN 4.17 sesiiuianudfdmuomnsuuunilainiud (Auuw)
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JUN 4.18 vfuinaistudmiunsesiuianudfdmiuemisuuuniainia (Auuw)

4.3.6 WsunsudwiuaugunisinauIasiuiauifdmivams

Fmsulusunsumuaumsyinuesesiuiaufiidmiverms meisedentd
1Usunsu Repetier Host dadulusunsu Open source Aldlunsfnsafunisia3asfiuiauds
dmfuemns Iaeluswnsu Repetier Host agvhuthillunisfnsedeansiunsosiiniaiuds
dsuomiswaziSonTusunsufildlunsiunudumaiuvesiifiud (Tool path) Fusenda
Slicer w1 TWswnsa Cura WUsunsuslic3r wWudulae Wswnsu Slicer agvhwdhiilunisuudlung
anfinfiosnuuuBlnutuguazmurumidumaiuvesiifiud Felusunsy Slicer 7114w
Trsesmsiseiiarldlusunsy Cura wild

5UM 4.19 dregraminaevedlusingy Repetier Host

s - ) @ 7 - = g ' Yo Y c ¥ 7
enansiiduenarsiavubidmmsumslvnuienisdinwinity lweygalnhlulydselesununisnn
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4.4 nMsvageUIaIRuNEUTAGmTUB NS

NnAdesfisiaufifdniueimsildinisaiietum maideldvinismaaey
insessunuulnglddeninuanny (White chocolate) uazdenlnuansh (Dark Chocolate) uld
\Huarlumsneaeunsfissidauanslusuil 4.20

(n) Fonlnuany1 (White chocolate) : www.bakerstreet.co.th

(@) Ganlnwansi (Dark Chocolate) : www.bakerstreet.co.th

3UN 4.20 Fonlnuan dwsuldlunismeaeudunuuinsosiuiaudfdmsueims
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http://www.aroka108.com/%E0%B8%8A%E0%B9%87%E0%B8%AD%E0%B8%81%E0%B9%82%E0%B8%81%E0%B9%81%E0%B8%A5%E0%B8%95%E0%B8%94%E0%B8%B3-%E0%B8%82%E0%B9%89%E0%B8%AD%E0%B8%A1%E0%B8%B9%E0%B8%A5%E0%B8%AA%E0%B8%B8%E0%B8%82%E0%B8%A0%E0%B8%B2%E0%B8%9E/
http://www.aroka108.com/%E0%B8%8A%E0%B9%87%E0%B8%AD%E0%B8%81%E0%B9%82%E0%B8%81%E0%B9%81%E0%B8%A5%E0%B8%95%E0%B8%94%E0%B8%B3-%E0%B8%82%E0%B9%89%E0%B8%AD%E0%B8%A1%E0%B8%B9%E0%B8%A5%E0%B8%AA%E0%B8%B8%E0%B8%82%E0%B8%A0%E0%B8%B2%E0%B8%9E/
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dnsulun1svaaauazyinN15eNLUUTUINUNIEYINNISANNA8TUSWASY Solidworks wagvinnis
NUATUIUN DDAV VT UAIYAUBLUULATDIRUNANUTR AT UM AN UITULN Feanunsawanslelu
JUN 4.21 flagUn 4.37

JUN 4.21 gUduL UL UENSiRLuunmasNnounaztluinsiiusianelusunsy Repetier

3UN 4.22 nihaevedlusunsy Repetier Tudiuvain1sdiasamsiuidunuauifnuunnmasy
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JUN 4.23 nieevedlusunsy Repetier Wion1sdnaesnsiuiunuaufifuuunnmvienasadu

1

JUN 4.24 JunuanudfuuunnmasuinuilegldBonlnuanen (Fumin)
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JUN 4.25 FunuanufifuuunnmdeniiiuilegldGenlnuandi (Fuuw)

JUN 4.26 Funuanudfuuunnmdeuiiiuilegld@onlnuand (Fuda)
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JUN 4.27 sUsulvuveunuaudfsumlaneunazdiluinisiiurisnnelusunsy Repetier

Y

UM 4.28 wiivevedlusunsy Repetier ludiuvasnisdnasamsiuiduauaiuiinguiila

Y
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JUN 4.29 niaevedlusunsy Repetier Wonsdnaesnsiniunuaufinguilaasadu

JUN 4.30 Funuanufinguilanfiuileglddeninuany (uwih)
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Y

JUN 4.31 Funuanulfguilanfiuileglddeninuany (Fuuw)

Y

JUN 4.32 Junuanufguimlanfuilaglddenlnwanun (Frudng)
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UM 4.33 sUduiuuresiunuauiinzulile (Moai) neuiagtluynmsiiuvisiglusunsy Repetier

Y Y

5UT 4.34 mihaevedlusunsy Repetier ludvainisdrasamsiiuidunuauiiazdlule (Moai)
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JUN 4.35 nihaevedlsunsy Repetier on1sdiasinisiinndunuauiinzulule (Moai) @5edu

(%

JUN 4.36 Funuanufingulule (Moai) Mfiumilaslddeninuandt (Fuwtin)
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[

JUN 4.37 Junuanufiigulule (Moai) Nfiurilaelddenlnuandn (udng)

4.5 unasy
INMINAIUT #4519 UaENAAOUIATRIRUNALTAFIMTUD M TAITHaLLBEANINE I TIAULARS

TiuInasesiuiaudfd mivemsnitauTunaunsefiuiduauaufiiluguwuunneg adu
oA Yo a a2 & < o
ag9h logldanlunisiuindudenlnuanuiiasdonlnuane

4.6 1ONE1TD19DY
[1] Jie Sun, Weibiao Zhou, Dejian Huang, Jerry Y. H. Fuh, and Geok Soon Hong, “An
Overview of 3D Printing Technologies for Food Fabrication”, Food and Bioprocess
Technology, August 2015, Volume 8, Issue 8, pp. 1605-1615.
[2] wandulszmelnedu “arveslanlnay Porraphat Jutrakul[Fuil 21 fguieu 2561
https://www.thaihealth.or.th/Content/43081
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http://www.aroka108.com/%E0%B8%8A%E0%B9%87%E0%B8%AD%E0%B8%81%E0%B9%82%E0%B8%81%E0%B9%81%E0%B8%A5%E0%B8%95%E0%B8%94%E0%B8%B3-%E0%B8%82%E0%B9%89%E0%B8%AD%E0%B8%A1%E0%B8%B9%E0%B8%A5%E0%B8%AA%E0%B8%B8%E0%B8%82%E0%B8%A0%E0%B8%B2%E0%B8%9E/

U 5
FTUUAIUANANTNLINADY

MNHaNTENUMNNMIT eI esuiaudnfineliiAandutazauiesanlesemevesian
fdlumsfiudt Ssorvdmansenusioguninmesdléanld lulasamsideiidfinauensesnuuy
wazagmuaNuaiiviouedesiiuiawid lnedinguszasdiiioutlunazusuusstedemiingin
nslduiaiesfiunianudia Inendnmsihanuveandesissianudifnuiaznoliiianaunazaiu dq
damansgnuseguamveslfeu uenanifusiiadyie gunpifiasdeiinismunuiiieliing
UsyBvBnmvasiatiuny lunshauresimuauuafivrenaiosfunianudad Meduadueuly
nsnsesuafivduAnannauLazaTureaaTesiuriaia mavihnudnaiuasdunismuaugumgl
Tnsmahauunfvessiosfuiauifiiunuit gamnilassevazfintudosq Tulassnuilldiins
AndasuesinguugidiethluldlunmsauaugumaRlaliAundiiafialy nensldusiunaies
vhuhilunstivangumgilitigumglieglugie 30-35 ssrnwadvalnsdnvuzedlaseaiies
3zuuﬁﬁmu1%uuﬂawuﬂﬁaL.Lamié’ﬁqgﬂﬁ 5.1

DS18B20

Peltier SSR-40 DD
FAN 2A Motor Drive
Shield (L298P) Arduino UNO R3

3UN 5.1 1n59a$1998952UUAIUANENTNLINR BY

NFUN 5.1 UanlATIATNYBITEUUAIUANANINLIARBUITRIUTUNN TR 8U TN UAIAIURNY)
Feanansouanssgasidunlacisialuil

L g - ) @ 7 - = 'Y ' Yo Y ¢ 7
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5.1 AAMTUTTUUAIVANENTNIINRDY

dmsugdmiumuauanimuindonazimihiilunismugugavnlivesesesiiuianiifideuss
ogneluglifigangifivanzaulunisfuidunuauds wasdsinifinsoinauuasatulsdema
nsgnusieguamvesildnudesnanmsvhnuvesadesfisiansialnelassaiisvesidmivszuy
PUANANIWINGDLEAIINIHUBEATAR (Acrylic) Tar ile il uanunsauesiunsyihanuves
in3osfiuvianufiffiegnieluldtaou lnsdnvazlasaisvesddmivszuumuguaninmndey
aansouandldfaguil 5. 2uazsUi 5.3

5UN 5.2 dnuaizlaseaineueaddmiuseuuaiunuanImwingen
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5UN 5.3 A mTUTZUUAIUANANINLIARBNTIVINNTAS190UIN

5.2 |wugaiingungil
wuwesingamgiazintilunsinAgumgidd miussuumuaANan NI INABNLNENAN
gamgiinladsludelulasaaulnsaaesievinisussuianaiazdidinisniuau ludsminauuazing

9 Y
] 3

e (Peltien) wioldlunsmuaugaumgiineludlivanzan dmiuimuimesingamadildmagide
Ishdenld IC we$ DS18820 FaduleTdmiuingumylinaslvmuuuiinealasnsideuselusuuuy
vostafliiendn 1-WiredednwaizuedlC Les DS18B20uarAAInealdwnirgumgiisieg a1mnsa
nandldiagul 5.4 uazgud 5.5

gﬂﬁ 5.4 dnwazvadiC Wwas DS18B20 : www.makerlab-electronics.com,

www.hobbytronics.co.uk
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JUN 5.5 A1ATnealodnniA1gamilaieueiC was DS18B20 :

www.datasheets.maximintegrated.com

5.3 wawfigs (Peltier)
AN & & & a & A Y W & a & a ° < A o

watiesidugunsalvliantanildndnniswmesiudidna3nlunisvianudu Inawievinnistdeu
Tihnszwansslifuinaifiesiduansisiniuuy 48w (PN type) nszualwihilluaniuiand
v‘iwmﬂmiﬁaﬁaﬁ'}mwﬁmﬁmw‘iﬂﬁﬁmmi@mﬂﬁmawaa@Lﬁﬂmauﬁmﬁauﬁmnwé’qmmzﬁuﬁﬂu
ansnahuuuiigndsnuszavasluaisisniuuudy dmalinianisgandunnusounaudu(
Cold side) LL@ﬂWMLﬁmﬁuﬁ’Lﬁmmi@mﬂﬁu%a&ﬁﬂmau‘ﬁmﬁauﬁmnwé’wmzﬁuqﬂumsﬁq
é‘hﬁ’]LLUUL?juajwé’qmuizﬁuG‘iﬂumiﬁqﬁaﬁnwuﬁﬁqmalﬁt,ﬁmmmwmm%auﬁﬁwu%au(Hot side)

£%
=

YU

3UN 5.6 lassainavaamaiiies | www.windsolargadget.com
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dnsululasinisidedagldmaiisslunisdisanauseunelugdmiuszvuaiuny

anmwingeuivinsaisdunlasdentdinaliies Ju TEC1-12706 FulldnwuzuazaAnauURfutans
Tusun 5.7 uagmsei 5.1

5UN 5.7 dnvaizvednaliies Ju TEC1-12706 : www.amazon.com

5197l 5.1 AuantRveanaiios Ju TEC1-12706

Model number TEC1-12706
Voltage 12v
Vmax (V) 15.4v
Imax (A) 6A
Quiax (W) 92W
Internal Resistance 1.98 Ohm +/- 10%
Dimensions 40mm x 40mm x 3.6mm
Type Cooling Cells
OperatingTemperature 138 °C
(Max)
Life expectancy 200,000 hours

5.4 WAANSZUYRINA

dvsuinanssuigenrs T flunssEuIEALSa s InEuseu (Hot side) ves
waledoenlunsusniiiediuysyansnnlunisadsmuduresnaiios Tnewnauszuiseinieas
gnindsegfususzuIsAuFeu (Heatsink) faieg1dlugud 5.8
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sU#1 5.8 MsfaRainauszugeINIAfuLKUsTUIEAINTOU

5.5 vasalulasraulnsaiaas Arduino UNO R3
dwsuveialulasaeulvsataas Arduino UNO R3aggnldlunisamunugamniinaznisiney

Y
[ I

YoIgdmMTUTTUUAIUANANIMKIRdu I TuN TaglulasreulnsalassazSurigumngiiann

9 Y

wuwesingamiilag IC Luas DS18B20 uvinnsusvinarameilenduiiled (PID) MWmuTuwn
lngldlulasreulnsaiaes Anerdnanlaazdsluniumuaunisyinuresnaiiesuasinaussuie
anAlagdldnuaizuazAuaudivesuainlulasroulnsaaes Arduino UNO R3 a@nansauanalanegy

71 5.9 waLA5199N 5.2

5Uil 5.9 dnvaizvesueinlulasaeulnsaiass Arduino UNO R3 : www.robotechshop.com
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M19199 5.2 aaudivesuesalulasneulnsaiaaiArduino UNO R3

Microcontroller ATmega328

Operating Voltage 5V

Input Voltage (recommended) 7-12V

Input Voltage (limits) 6-20V

Digital I/O Pins 14 (of which 6 provide PWM output)
Analog Input Pins 6

DC Current per I/O Pin 40 mA

DC Current for 3.3V Pin 50 mA

Flash Memory

32 KB (ATmega328) of which 0.5 KB used by bootloader

SRAM 2 KB (ATmega328)
EEPROM 1 KB (ATmega328)
Clock Speed 16 MHz

5.6 Yadunawmas (Motor Driver)

dwugadunawesayldlunsverenseuanniendnnainuesalulasaeulnsaiaes Arduino
UNO R3 iiledsludusinauszunsonnianuddsiinannlulasaeulnsames Inglulassnsiseile
denlduasa 2A Motor Drive Shield (L298Plun1sdunseualinuinaussuigenidlneiianees
uazAnENTRvDIUBsA 2A Motor Drive Shield (L298P)anansauansléifiaguil 5.10 uagnsneil 5.3

gll‘f"i 5.10 aNwLUIUasA 2A Motor Drive Shield (L298P) : www.robotsiam.com
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13197 5.3 AruandAvesuain 2A Motor Drive Shield (L298P)

73

Logic Control Voltage

5V

Motor Driven Voltage

6.5~12v(VINPower Supply)
4.8~35V (External Power Source)

Motor drive 2 Ways
Logic supply current (Iss) <36mA
Motor Driven current (o) <2A

Maximum power consumption

25W(T=75°C)

Signals control electrical level

High level: 2.3V<Vin<5V
Low level: -0.3V<Ving1.5V

Working temperature

-25°C~+130°C

Board Size:

68 * 53mm

5.7 lo@namnstad (Solid State Relay)

lednawmnsiadidugunsainfeuldlunismivgunisUadavinuvesgunsalidlulvanyiinaan
FUNU (Resistive Load)vu 8nmas (Heater )aoalivse Inansiinswmien (Inductive Load)yu
193 (Motor) wnalnAusauliiasanledanammsiadliltnindudalunistalawsldimalulad
¢ < o o . ° as P A o § v a A a X
Yo49UnsalansNad(Semiconductor) unwyililifizudiuiindeunivihlvandessuniuiinty

PMNIAIUUVUNTNFUNE Inunzaunuaundaudlunisdanetes antyminisanrsevesninduda

(Contacth®991NN15LAABISA

(Arouazeignisidaurededaamniiaguiunit dmsuly

lassnsideilldlednainnsadlun1sUalanisitanuvewnaisslaesudyyiaunisniuauain
lulasroulnsaaes nelednannsiadnldaglyiu SSR-40DD FeilldnwazuwazAnaudRiagun 5.11

LATAISIN 5.4

5Ufi 5.11 &nwagludnamasiagiu SSR-40DD : www.myarduino.net
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http://www.myarduino.net/

M13197 5.4 AuaudRveslednanesiadiu SSR-40DD

5.8 s¥UUNTa9I91NA

Input 3-32VDC 12mA &12V
Output 5-60VDC/5-200VAC(5-80AmMp)
Control type Isolated by photocouple

Response time

ON<10ms/OFF<20ms

Voltage withstand

Over 2.5Kvac/1Min

Insulating strengh

Over 50m/500DC

Dimmension

63*045%23.2mm

74

dmiuszuunsesonanidlussuuamuauanmkIndeuil agldansnsesnisuau(Carbon)dmsu
Tlueseansenhddinuandfiluigedunsenduuazaiuldumunzdenisiiuszendldlunisnses

a da PN aa Y ¢ Ry o P
NAUNLAAAINNTIINHNYUINUATNUS IG]EJaﬂ‘l‘:}m%a\‘iﬂ’]’iﬂ’ia\‘iﬂ’]’iU@uwiﬂjﬁ’lmiﬂLLafﬂﬂlﬂmg‘UV} 5.12

5UN 5.12 dnwgYaeaINTasnsuau : www.rightsolution.co.th
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nasnTeeAsuanlugun 5.12 naxihunussyldreduiieiomaluanulagldinauylgly
nshveneniinaulazaiudiluiy snsesrsueuiiordnndunlinilssasdeanlulnednvuzes
AoRNUdMIUNTOIOIMARLIINYaEAFUN 5.13

Air OUT Air IN

3UN 5.13 dnuagvasneduldmivnsesennielagldaisnsasaniveu

5.9 #i190UEAINALATRA (LCD)

wiaauanIiadmSusTUUAmIUANANINLIRGoNdElTIBLeaTAIUIN16 SNy 2 UIIVR
wioulruualaviiGulaagvimihiuansioumniinelugemuauaniwernia Gsveueatfiarlisu
1602 Blue LCD Module HD44780 16x2 Displays Characters@sildnwauzssguil 5.14

35U 5.14 98uead@fazldu 1602 Blue LCD Module HD44780 16x2 Displays Characters :

www.buydisplay.com
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5.10 SYUUAIUANENTNIIARDY
INAIUYTTNOUAIIY VBITEUUAIUANANINLIADUTNAINITIMHA N19EITelainuN
UsznoulJuiaiA3aassuumuaNan nwInaoud suanslukUuLASIa 51918352 UUAIuANEN T WLIAADY

Fauandlugud 5.15 faguil 5.17
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5UN 5.17 1A59a51900458 UUATUANAN TNWIAGDY (AUUL)

nwuulassadisvesssuumuaNanmIndenfisaniuuld neidelauinnadiessuuniuny
annwangendmsuldiuasadsaninsouanalanagui 5.18 fegun 5.21

JUN 5.18 S2UUAIUANANINLINRBNNWAU TN (A1uni)
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5UN 5.19 S2UUAIUANANINIIARBNTIRALN UL (A1U1)

SUN 5.20 S2UUAIUANANINLIARBNNRALNI UL (A1UUw)
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JUM 5.21 szuumuanan nknaen i dugilethunldnusiuiunsssiiunauili

9INFUMN 5.15 DegUN 5.18 wanaszuumuANAN NWINReNNLN TN Tngsialunadiduasla
WssuuiianduinlunegeuUssansnmasneazidenluiitedaly

5.11 N1SNAFBUIEUUATUANANINLINGDY
dmsumteinlunmmaaeuszuumuauanmaadeuiimuntuun Tnsagiaiosiu

anddvssylilussuumunuaninindouudivinnmmegeuingumginieliieulusinag Tagnns

ﬁmé’?@Lv-ﬁ'aaﬁaﬁm%’umsmaamzwﬁﬁwmﬁumWmmiaLLamlﬁé’quﬁ 5.22
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Yokogawa 7563 Digital Thermometer

JUN 5.22 N3AnAsQUNIaliNe NN SNAABUTEUUAIUANAN TN INA DY
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szuunsIdauaziiudeyadnnuwindon

dsuluuniimeifoasldndnisneasdeslunsesnuuuuasihnsadssuunsaauasiiv
foyaanmuwanden iethmanuiildluvszendluldaulumsfuteyaanimeiniadinivau 3de
waveysndusivmen nasnaumsiaufusivifienaiiuyad Tnssjatunsimunludinaes
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Huegvasiintimneg Sddasiluduedesflomanigneonuuulifldnuudiamsluiesufofnng g
efigannuazliannsaanldluneauls mswanssuunmeiasaziiuioyaaninuindes
FunlflulasnistiazanunsonevauesioTnguszasdildfouasdinaiidinisaeseiodiotn
fismienufiesain lneoaziBenvaamsoanuutiazaiuaiosanunsaesusldded

6.1 Tassadeuazdiudsznauvasszuunsiviauaziiudayasninuindon
ﬁm%’mwum’mi’mLLazLﬁ‘usﬁagaamwmé’auﬁﬁmmﬁumagﬂizﬂa‘ué’w L BULEE3N TN

i’mqmwgmasmm%}uﬁu SHT-10  wwulwesnsI93nd U Grove - 12C  Color  Wazuasa

lalasmeulnsaio$iu DFRobot WiDo dwiuldluntsmuaumsvheuesszuuiianan

< %

SHT-10 Sensor

& &

DFRobot WiDo ET-Mini DS3232 Grove-I2C Color Sensor

JUN 6.1 laseas1avessyuunniainuasiutoyaannuinaey

NFUN 6.1 wanlATIATINVDITTUUATIVIALALAVTILAAN NWING DUTIVLIINTATUUINT
SUALIDYARNSY dLNTaLEn ARl
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6.1.1 ww&ua%mni’mqmwgﬁu,azﬂ'mu%uiu SHT-10
?‘h‘w%’uLsziut,é?ia%mmﬁ’@qmmﬁLLasmm%ui:u SHT-10 WWuwuiwesingumgiuay
arudunuufunififeuianyssgndlFenlunsiannuiulueniauaglufu il nelsian
mMsiafdaausiuguagnunuseanzundenldd Inednvuziazanauifveswuweingaia
grunnTiuazABugY SHT-10 ansauandlddasuil 6.2 uaznadi 6.1

JUN 6.2 dnuaurvearugeinTIIIngamiuarAuuIu SHT-10: www.adafruit.com

M19199 6.1ANaNTRTDUYULRINTIVIRRUNATLATAIINYUTY SHT-10

Body dimensions

14mm diameter, 50mm long

Cable length 1 meter
Humidity readings accuracy +/- 4.5%RH
Temperature readings accuracy +/- 0.5C
Working Temperature -40°C ~ 120°C
Humidity range 0~100% RH

Response Time

8 Second/ Humidity
5-30 Second / Temperature

Operating Supply Voltage

2.4V - 55V

Four wires

Red = VCC (3-5VDC), Black or Green = Ground, Yellow
Clock, Blue = Data
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6.1.2 WUIYRINTIVINE U Grove - 12C Color
dmsuwugesniatadsu Grove - 12C Color lfidueasd TCS3a725FN st
l01dwe 12C wuuRdmeadmunisidensiofulilasneulnsiaes uazliiriauutuglunisings Tne
dnvaziazanantRveaTuLesnT1aind fu Grove - 12C Color amnsauandlifisui 6.3 uas
P51 6.2

gﬂﬁ 6.3 SNVULVDLIULYDINTIVING i:u Grove - 12C Color : www.seeedstudio.com

M13199 6.2 AasauTRveLYULRINTIAINA JU Grove - 12C Color

Dimensions 42mm x23mm x10mm
Weight GW 11g

Battery Exclude

Supply Voltage 3.3/5V

Operating temperature range -40°C to 85°C
Interface 12C

12C Speed 400 kHz

Interface connector 2.0mm pitch pin header
Operating temperature range -40°C to 85°C

6.1.3 T,u@a ET-MINI DS3232

Tuga ET-MINI DS3232 11 Module Real Time Clock (RTC) dwimiidilunisdanisiieadiu
FrunaluanurYas WIRNT LakazUiu wagTngamgil Feuseldamluszuy 12C vihewd
e 3.3v-5v lnglilugaasldled Ds3232 Fudulefuszinn RTC (Real-Time Clock) va3u3tv
Dallas Semiconductor / Maxim yiwiiluszuugiuna Ghuiiduaiouuniinivesszuu)
\Audeyaoenaru Jundl unit $alus (wuu 12 wi3e 24) Fuidouuastlutlogdu uavideusodoansuuy
Ua 12C Aulilasmeulnsamesly lnvdnuvazuasauaudfivesluga ET-MINI DS3232 a@nnsauanile
FlagUTl 6.4 uazmI1edl 6.3
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U 6.4 dnwaszuedluga ET-MINI DS3232 : www.ebay.com

51971 6.3 AnuanAvadluga ET-MINI DS3232

Manufacturer ETT

Chip DS3232 Real Time Clock
Interface Standard Fast 12C Bus
Operation Voltage 3.3V or 5V

Board Dimensions 45 x 55 mm

6.1.4 vainlulasaaulnsaaaigu DFRobot WiDo
dmsuvesalilasoulnsaianiqu DFRobot WiDo agvimthillumsauaunisvinnuees
wwmw’s’mmzLﬁu%’agaammmé’auﬁgﬂum ﬁgmm'miéflumqquﬁLLazﬁhmm%umﬂLsuulfna%
nsra¥agamninararudiuiu SHT-10 uagAnnuiduuassueingaindiu Grove - 12C Color
Mntudsthaneieg unufinndeunaniivhnstaasgunsal mico o cards Inednunzuazanantves
vainlulnsreulnsaiasiiu DFRobot WiDo ansnsauanslifazuil 6.5 uagmisneil 6.4
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v

JUN 6.5 dnunizuazAnautivesuesalulasnoulnsaiaessu DFRobot WiDo : www.iot-

store.com.au

M15199 6.4 AasaudRvesuasalulasraulnsaaasiu DFRobot WiDo

Board Name WiDo

SKU DFR0321
Microcontroller CC3000

Power supply interface USB or DC2.1
USB Powered or External (V) 7-12

Operating Voltage (V) 5V

CPU Frequency (MHz) 16

Analog pins 6

Digital pins 14

Wi-Fi protocol 802.11b/g
Frequency range 2.4 GHz
Interface 1 UART,1 12C, 1 12S, 1 SPI
Compatible IDE Arduino IDE 1.6+
Download Mode Micro USB
Arduino UNO Compatible v
Dimension(mm) 75*54

Weight (g) 30¢

6.2 ssUUATIIALasNUdayadn T WLIndN
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Teavduatuiite 6.1 neidulmianasiadueseswunuuiieldlunsvegeuduandugun 6.6
waggui 6.7
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U 6.6 AuuuuszUUATITaLannUTayaan MLIRdeN TN s iRILI AL (Fuuw)
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JUN 6.7 FuwuuszuuaTiaiauaziiudoyaanmuindeniivihnsimu i (fui)

JUN 6.8 AuluusEUUATI ALY UTaYaaN MLIRGON TN SR (A1udnq)
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6.3 NaMIMAABUAULLUUITTUUATIY Iauasinudayadn nwInden

NFuRULITUUATIYIARaznudayaan nuIndeuilavinnisasaduun meidelavinnig

2 v I3 & % Ao Yy o e ' ° . ~
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Tsinef Ay ruiiinainnisviauessasitiauslusuil 7.2(n) uansdaguil 7.2)
FYIUIANAIINGDT SHC Vi, EWN1INNTIUANBUVBIT Y IUANBYLALNDTIINT LA
1193 1AgagyINITLUaIFUUIN Vaen Lﬂué’mmﬁm%qLﬁuimmwﬁmgﬂé’ﬁgiymu%ﬂLﬁuﬁ
thiauefagud 7.3(n) 2n3UTt 7.3(n) 2asletie O, axgnaeiliudiutiounduvesestuont
Ar NIBUELRIANG 5y NeTIE O; ansaeturveglusUvesilesidulaiesiudnunuiaudld

AIFUNTT

Iy =1p tan[;—;J (7.2)
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peak-amplitude finder
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(i)

(iii)

(i)

vpi

“TLCLCLET BT EL L

vp

(vi)

(vii)

Vdem

A
SV IV

(viii)

(v)
JUN 7.2 (n) lassadvenasuuasdygasleanesniiaue
(v) #Y1aINNIFNIUTDINATNLEUD

N ! a . Y a1 o ! ) ~ )
PNAUNITN (7.2) AUOUNFINSIAAVINTEUA iy wFpadAwINIINTEUELUTE 15, iR TRY
Ldlimenveslaweosludnunuauniiaduetud lneunfinszuaendnaveslofiiovzien
IndlAssiunsewaludan v, =1 o n 23 21AMTIATIEIRTIUSUN 7.3(0) Agld

o [y

AMUFUNUSTENINUTIOU v, LASHYYIN Voo, AL

v, =2V, tanh™! [IL]J =2V, tanh™! (V"&] (7.3)
I IRy

YUNRTVOIF YU v, buaun1sh 7.3 avilumivuassegnisvinudaduvedeiite 0, lu
Wouly |av,|<7; o o AediwlsuTuanuseiu Falldwiiu 1/n e n > 3 laen1susu
AIRUULUUUSUANLA R, AINUNTELE i, ddsauanelanaaunis

alg,V,

Iy =—agm,v, =— v (7.4)
& o Y. o v d' = A 4 v, v ¢ v v
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= & o =
1o gm, =1y /20, Wae Iy, Aonszudludaveleilio O, NIeud iy =ve. /R, i,

=V, /R
WA I, WYNTINTIWNAUMEIITVEIENaTINNTIUTENBUMERaULeNT Ar, WagAIfIunIu
Ry~Rs W aUURMIAUNIY Ry, R, Wag R, 2wgniion A1y fAadudqya1edne vy,

vasaaulony Ay, AxdANYINAY

Vi =—| BVgom + L gy Ry tanh™! [lvd—e;JJ +V, (7.5)
BIfY

dlo p=R,/R, AoduUszdnddnsveny uaz V, feussiusdesidaniawinduseundye
aagaveuveniioglurnduluaunisi (7.5) 9naunsn (7.5) S Ve, 929nUsused
wUsUSuA m wWetesnuladive O; 91NASTUATELENU JeanusaLleuaunisi (7.5) laan

i mv,
Vi =—| Bmvy,, +algR, tanh™! [ﬂ” +V, (7.6)
Bt

fudsuiuan m amnsadwaldsenisusznandudaduvesnudnvuzvedygyiauun
Ingjvedoiite O; NUBUNTINFIAAVOITYYIU Vi 9137 [25]

linear shaper

Vdem
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A
Vdem

(i)

I,

(iv)

> (V)

> (vi)

> (vii)

5UT 7.3 (n) 29sdngudayaandaduiniiaue
() FYYIUIINNNTYINNUYDINRTNYNAUD

e Viax)y =Vr (coshn —sinhn+n +1)

(%
0

PNAUNITN (7.6) INDUVDY [gR; = IpR, MIUUAUIN v, dzaLNTAUTEINAAITIATY
Buedalyil LazaunTalguannISUIEYY I v, 1A

Vi = —{(a +B) IR sin™ [’;’vd;m JJ +V, (7.8)

B1™Y1

NAUNTSN (7.8) Merduduesaledavdawingy 17/2 Aduniaueundyaniewnuuinves
L U gj 1 U a Q‘U ¥ Q{I
FUYI Vo AOUUAENUTEENSONT LY B @nusamlaainannisi (7.6) uay (7.8) lag
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(7.9)
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(7.6) waransadouduaunislaan

V,=1R (ﬂm+octanh_1 m) (7.10)
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foy
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_Yui for vo ="1"
e

N3ILANIN1IYINNUYBIIRsIUgUN 7.3(n) uanaragun 7.3(v) Turengadygins v, aggn

U

[ o a ¥ = a1 [ o ] [y s
LLUaQLUUﬂﬁyJQJﬂmLﬁNLﬁu Vo %QQ%&JﬂWLUUﬂWﬁ’JUﬂUH&I‘U@QLLﬂUIﬁLGlaiVlﬁﬂlﬂ

7.3 NM5IATITHNTINUVDII95NUEUD

aussauzvevasidtausluitotssiuty WunsAnlegunsainndiinisyiau
ATInNgANAR wilun U URkaasd 3 Mudsudnfidwalinisiauvenasidnauel
I a o v 1 ¢ v 1 6] A o Y a
Juluanueauad fuwdsusnlaun feiduaeleuvesestuendluisvenenasiy Mlvida
N13ANNANNATENINYYIN vy, baedUYIMINSLTaLIBT AUy YIAIUAY
Ve dlimsdudiaaiamdeuliaindiunisueundyngeanuasdaain ve, damalinisdy
LAZAIAITDI99T SHC aaatadeuluiy Arausiane 6, uesdyginl v, fodyyia
Flganesamsamlaainaunis

wnasiiduenansianubdmsunmslenuienisfinyimitu lueygalmihluleusslevuaiunism

lunnsdilagiedu dnviauiiludaulasient wagnase1aBaduavesenalsynasaninisuiluly



98

6, =tan™' Ml-ﬁ-hJ&J (7.12)
Rys |UGB

de ¢ fle enudivesdyaansziu

Uce Ao wuumvvesdygraiiiossuueniisnsivensindunis

WIN Rug = 5KQ, Ryy = 10kQ, £, = 3kHz waz UGB = 4MHz dwiusauwendives LF353 7
Tlursasivaue faduausiana 6, axilddszann -0.08° Anusnaaiaunsoanld
Tnensidoauuendiifien UGB naq

FuUssfidesiidamanon1svihnueeaasie madinieaal t; 9nsasmaeen
fatratusnainsdadiunu R, wazduulsey G, FarliAnanuldseiiewesdyyia vy,
AAsiinsnantaziueganigagavedaneivesilvanesuaranuiivesdyyaunszdu
Aimnzauiianues ty ansnsamleann

T

\21,
1, -2(\2-1)1,

21n

dlo 7, Ao LAMeNIIUYY 1 ﬁamaﬂima%ﬁmmﬁmam WA Ty, = 1/fo, 01310AN0TMYY
fBAULEITeUEER 3,000 rpm (130 50 1/s) way mmmaqammmmmummu 3kHz 3%
immmmmmmﬂivmm 0.46ms muuf\]“a’mﬁammm Ry Towinfu 46.23kQ g sy
mmuﬂs“a Cy=0.01pF

mLuJiVlmaﬂmLmmW'ﬁ’mLmai‘vﬂ,uLﬂuammmﬁuaaﬂﬁﬂiummmﬂqﬂeuuauwaﬂezju
fvlAncauRnnan gy v, WeodlwuinnnuRanain £, vesdyaandady v, 7
FLULILNUlIRes 90° wse TT/2 aunsaussanaalansaaunis

2|pmratanhtm x| 00 (7.14)
a+pf 2

Eo1 =
T

ilo n=4, m=0.987, 0=0.25 way 3=0.404 INENNST (7.14) agldosimudanuianais
£, WAU 0.012%
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A1519% 7.1 191uanIR1vesgUnsalingg Nldlunisasinasulasdygininiiaus
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AuUSouisudeygu LM339
P 20kQ

R1, R2, Ra, Rhg = Rho 10k<
Rs - R, 30kQ

Rs 2k

Roi- R 1k

Y

Swanesildlunmaaouddnmdiunisudasdyanai 0.37 dyyralsinseduiiaviiiy
3kHz wuIn 2.7V, Lileldgranerdnavessleanesiivug 1v deua 7., Iy
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doyaasleanouasdyginnseduiaiUssun 28°
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100, UAY O, UBNNAYAFIEAVBFYRIN v, AnansaduInilFaInaunisil (7.6) ity
2.054V WaUNFINUDIFYY I Vi Qm??ﬂ”iﬁ £5V \leyuvesunumsLann 0° i 360° Farfu

IS

BNI1VEERIIU A, FaAWIAY 2.434 TasanisUsudadumulsuela R, dadiuniu
Ry=R/mPB lun1auJia fduniu R, avgnunumesiisiuniukuuliuebiiveusuai Ay
v ! a Y] ° val ) ° Y
AUNTUDEAZIBEA NIBLALUSH fg, aNANVUALIN 100pA nseualuda fs=l/m gnimual’

Watoeiunsenseuaiuvedlayiie O, AIUUNTEWE /5 IUANUNIAY 101.3pA
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U9 Gy =0.01pF UM 7.4 uansfanisdansgunsalieriinismaaeunisvitanu sUi 7.5

= U o ‘NI o ‘:{I
LaARNFR N TINWYRTRTdLauelugu 7.2(n)

@l 200V cCh2 200V  M2.00ms

Ch3 2.00V Cha 2.00V
Ref1 10,0V 2.00ms

UM 7.5 nymldyaanlaannmsmaaeuisasulasdygyiniiiiaue

L Ag7}
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o

NOFUATIEATYYIUINNITNNY Vi, AMUIVBITYYINAIUAN v, A2RET
FLNUITOIT Y Ve, 2103MaL05 Tun1vaasstaslinesdygin vs, 3103198105

wirufigninuwlasdudyanasdadu msnurenaesingudygadadundnauelsd
gnnageumedyaiasleaesivyumenmsiseu 900rpm wazdoudmyaineonds v,

Y a

=0V T¥nuU12995 wazltin1siasenalsnmsulunismsI9@eua N YA YDA U AN ULAA LU
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LandluguN (7.6) YUIAVRIdILUTENOUANUALARLIALAAIAINITINN 7.2 AlUasigudinI
HANAA &, NLBUNAIAAIAAVOIFY Y IUAUNTY v,y MPAINAUNTT

j .
Zﬁi _ifri
i=1

a=l =L I5100% (7.15)

J
2 A
i=1

Epi =

G g, Ao vuinvesdulsznounuii / vedyaadumiaen vy,
fr, fo wwavesduUsENaUATIND / vesdyg auvaeLgaNaf
& ° q' a | d'
j A8 dnnuinnniigavesdiulssnauam

= a ] =
N9 7.2 LL@MW@@ﬂ‘U@ﬂﬁ’JuUi%ﬂ@Uﬂ’NﬂJﬂ

druusznauadud (Hz) A1lURANAR (MV) adidald (mv)
15 586 586
a5 65.11 65.22
75 23.44 23.44
105 11.96 11.86
135 7.24 7.32
165 4.84 4.88

NAN199 7.2 Adesisudianuianaindianyuseana 0.02% gﬂﬁ 7.7(n) wanIdyy I
aumden v, inldileteunswiueeidn -1.024v AauRanaiaduysal AB, seins
ffnldnndyanandadu v, was guilnnnsmyumged 8, vesilvanesuandugy
7.7 fanuiianannduysaigeaaiiaiUszana 0.014° Aanuiawain AB, vosyuls

LPRSANNNTAMLANNAUNIT

AO. = A:e x100% (7.16)
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A@=—mf{g%;i%%§} (8.12)
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(8.13)

(V. =V1)+,

ap nsat

o=

dlo k=(1+G/G) e dasvesuswiuvesiasveneUseq

T =V Jox Ao AUNAIURId Y INNTEAY

INNINARBIRD995939 Wiamiuusluaunisd (8.13) ﬁmé’qﬁfex =5kHz k =11 V, =2.28V
Vop = 2,92V Vipeor = =3.52V 014381 e ﬁa‘im%mamamdmmzmm SH, Meudianinnu
1.8us faturwes a Aldunannisusumauduny R, was R, vesfadumudiuld
R, axiiAiiu 0.83 fumisveundu 6, uavveuas 6, VIFYYINTATAIUAL v A

a0

LANIANNIS

Vi =Vgar )
0. =si -1 0!( 1 nsat —AD
) =sin [—(ak ) v, } A (8.14)
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ey 6, =180°+2A6, -0, (8.15)

Y )

AILNUIYBIVOUVITU 6, UazUBuVIAY ¢, UAUTEUIM 90.11° uay 91.45° A1UaIAU

Lo =

FILMUATOUUIAY FYay1AIuAN ve 8dli9RsduazaIr SH, Mnsasrdayaed vy 7

(% (3

AU @, = 91.45° fatuAUasiguiAuRaNa1n &, 3NANTINIRAINT Y101

T

v, BUANINAUMITBOUNIAY 6, HARaaunIs

& =(sin6, ~1)x100% (8.16)

dlo 0, = 91.45° agasamAnUesiguinuiana1n &, Wiviniu -0.03% Feaunsoiiiu

'
o

lodAussdungnmiidliasiirminitueuniyngegnuosdya o vy

é’hLLUiqmﬁwﬁdawaﬁiamsv‘mmﬁuamwsﬁa AUANINATEIINTYYIN Vs haE
vs, Suinainmsyauiliifulumugauaives LVDT  dswalidyanal v, Sinadmi
dua vy AINANENTRAYE9 LVDT AANUAINE A6, $MINILBUNAAEIEAVDITRY I
V, BAE vy @350 lANaNn1T

21

—”J (8.17)

A, =90°—tan™" | ——
|l| sin @,

'
=

We Ao ARANUAINIETENINAY QI v WaY v,

funuves LVDT  indeuludsiumisiifidngsgauazsanil +12.5mm azanunsnina1ves
Lo %82 0, WEWinfU 42.319mm waz 1.617° sudidu ewnueashuaunisi (4.17) szl
Araueaila A9, Uszanns 0.24° a1naunisi (4.16) AWMUV UYIRIVBIT YY1 UAIUAN
Ve RRdIN v, 9T ARBUIINEIMNS 9, WWdwiunis 6, -A6, Faiuesieusang

a1 2

HANATN &, VDIFYYIUUIITWDWING v, IINNTHULAEAIAILLAIAIAUNT

&, =[sin(0; — A6, )~1]x100% (8.18)

e 0, = 91.45° uaz AF, = 0.24° AaslwudANURANAIN &, TladA1UsEan -0.02%

8.4 NNSNAFIULAZNANITNATDUNITIINNIUVDI99T

'
a o

AuTTaUZNITYINUTRINTLUasd Y 1R ausluunil asnsanegeulaenis

[
aaa o =

as1sasudasdyen LOVT Wudygrafdfdiauetuun wagimisnesiuiu LVDT wisyin
n1sinrdaaunlaannisieieunvewny ( lngaunsalnldasiesasulasdyayiud
° I3 fa & A ea A vy v i 61 A
awevzdugunsaidiannsetindimaelaniluniuviswan Ar1vesgunsainieg Nldlunis
NAADULAAIAINITNT 8.1
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M1519% 8.1 M5 ananIA1vaIgUnIalsingg Aldlunisasineasulasdyauniiaus

aunsalitld wasled/Amsfines

NASUSHULTBUA Yl A, LM339
paUuaul A; As A, Lay A LM351
wauzaenaIng SW, CDA066
lalon D, 1N4148
Ry Ry, ke% Ry, 100kQ

Rz 1MQ

Rs 2kQ

R W% Ry 5kQ
C, 0.001pF
G waz G, 0.01pF

Tumsmageumaienlddouumasiousadurun +5v ifueas dyanansedu v, 191
T LvoT Wudgyaadletinud 5kHZ weundgn 1V, nsuaiwesildlumsmeasuiiy
LVDT fiflszeznisia +12.5mm fanulasiifu 69mv/mmv ﬁﬂawuﬁmaaﬁmmﬂmﬂizﬁu
5kHz 91nUEN Solartron Metrology Ju OP12.5 awsﬂ%’umm%’mmzL?Taaquéﬁé’mwma
WIIAULUIAY 1.45 dWieveearauliversasulasdyyruiiaueldvindu
100mV/mm/V v3edAusesfuadivintu +1.25V fisveznisia £12.5mm Iaevhnisususa
AUNULUUUSUAILA R, WaEYIIN1STIUAMTITURT V o daussiuserienilAntud
Fuvtls (= 0 vesdayaynd v, Lilelvdyaaftiodwn vy, ﬁs‘f%mmﬁfﬁ@i%ﬁu@ué gﬂﬁ 8.6(
n) wag (v) LLﬁﬂW@%ﬂN%LLUaﬂé’agmmLLazﬂﬁ%’ﬂ&gﬂqUﬂiail,ﬁaﬁﬁmsmaaamuﬁwé’u 180
toe VBINATNITAUUATAIANTAIINNITAMINUTZUIM 1.8 ps AL ITUBUIIVT AT V.,
voseaUnend A, uazaiauiang o, AldnTnedenisaeesasaliamiafu —3.52v
uag 1.617° MUAIAU WBNNFINFIGAVDIFY I v, InA1laiindu 2.92V uaganunsainan
v, ﬁlé’fmﬁ’]mmmﬁwmefjuéﬁm LVDT #30 [, Ineo1faaunisdi (8.8) Iasunus (,,
489 LVDT fhilfiszes 42.319mm

;:;Uﬁ 8.7 uay 8.8 uanmansYuiliannIsHease Imaﬁgﬂﬁ 8.7 anangu
VOIFYYIN Vo Vy Ve %8 V, BTULAIEFYQYIUNTZHU v, wATHYQILBIANA vy 97N
LVDT fulaiisinefuuszan 18° gﬂﬁ 8.8 wanansinaududadurenssulasdyaud
Uaue Imaﬁwmimaauéfa&Jﬂﬁﬂaué’fy@']mua@Lammwmm‘?iLﬁmmﬂmiﬂmﬁumaq
Fyanailevinanud skHz weamwdga 1V, Audyanaletdaud 450Hz ifusamdgauusaly

v
=1

531119 —0.69V 83 0.69V dygyras AM - Ugnuanlgunudyaia v, Tugienisin +10mm

Y

mﬂiﬂﬁ 4.8 dayeynad v, Lﬂué’mmmhiﬂﬁﬁLLamwéwmﬁLLavmﬁmﬂ%’ﬂué’mﬁmmé’w%q
LammuL@%P@?ﬂ%‘ﬁ%ﬂﬂ1}{@g@%%‘ﬁ?%%iﬁ%ﬁ%@%ﬂﬁf@%@%@f@ﬂ?ﬁL%ﬁ%U%%%%%w

L@ﬂ“lﬂi@ﬂ@ﬂ%ﬂﬁu @ﬂ%ﬂ%?%%l%@@&ﬂﬁ%u@%? ey WtNEJN’ENENLQTEJ@ﬂL@ﬂﬁ?i%’]@iﬂWﬂﬂ?ﬁuﬁLUIﬁ
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\ina1nnsduuazAsAdy I v, Nuriueundgageaaiilennu { ¥es LVDT indeuilly
Tugae “+7 uagiidunisounagasgadewnu (ndeunlulug “-”

(@)

sU# 8.6 MInedaUaNsIaULNITTINNUYBNRTIUaE M Eue

T o
ddd

(n) vosamsasulasdysyas LVDT LUuammmﬂwmamwum
(V) ﬂ1iﬁmmqﬂﬂimLwammwmaauamsauzmimmu

Ch1_2.00v _Ch2 1.00YV M 100ps
500V Ch4_5.00V

5‘lJ‘VI 8 7 ﬂ'i']‘V\IﬁEUEU’IEMVIVLW"iﬂﬂﬂ’]ﬁVlG]ﬁE]U'N‘\]iLLUﬁQﬁiUEU’]ﬂJV]U’]Lﬁ‘ua

LE‘Jﬂﬁ?ﬁutﬁ‘ut@ﬂﬁ?ﬁ%ﬁﬂ%ﬂiﬂﬁ?‘ﬁﬁ‘Uﬂ']ﬂsljﬂ?utﬁ/\l’e]ﬂ?ﬁﬂﬂ‘l‘fﬂL‘VH‘L!‘L! VL@J@UQJWG]ELWUWVLUSL%UiuIEﬁju@ﬁ‘Hﬂﬂif’ﬂ

lmmimimmau @ﬂVlQMT@J@JSLM@@LLUﬁQLu@VW LLﬁ%@@\‘I@N@QﬂQLF\]WGU@QL@ﬂﬁ?iﬂﬂﬂiﬁ%%ﬂ?iuﬂiﬂisﬁ
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Chl 5.00V ChZ 10.0V M 200ps
Ch3__1.00V 1.00V

5UM 8.8 Minmaeuauludaduvensasulasdygrufiiiaus

'Eﬁor-V'O-ltégE- ] S

X

Chl 500mv _ [®iH 1.00mvV_ M4.00ms

UM 8.9 FY0UeIRNG v, baAILSIAURANAIAVDIFYIN vy

l NG Vo HAZAIAIIURANA NN ITIAUYDIT YRy 10U

5U7 8.9 uananedayey1auiend
11100 25Hz - anunsainmIAuianaInglgnlausEain

LOWANG vy LD RyE UL DRLAR
~0.25mV Wiladya1aseding v, dAidu -1V iszey -10mm ansunisauguas LVDT
HARBDUAUDINIIIANUB999kUasd g i aus aunsanaasulaenislou

fyeaudegansUamasumud 10Hz woundyn 0.345V unuszezn13inves LVDT
WU -5mm wag 5mm edyaas v, 93U 8.10 YasameuauevesdyyI v, ¢

nimualvidmeglugie 1/4 vesrudynaeneds v,

e 3,
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Vq ve

Vd

Vo

5U7 8.10 N5 MUANIIIAIMBUANRIvBNRTL YAy umiEue

UszAnSnniazainuuiugvesiasulasdygaiiiausuandeguin 8.11 lay
ihnsindyaaddiondnasiesses ( vea LVDT AflAuwusivlugng £12.5mm Inedyain v,

(3

Dudryaanednnanasasulasdyanaldaense wazdyain vy Judyayaiiiuinsudu
mm%’uuamﬁm@ué mﬂgﬂﬁ 8.11(n) @nansnAwInmAIALlIve s uUa sy
Wnaualalyiniu 68.88mV/mm/V @ nsudmaianendne v, waziyindu 100.02mv/mm/V
ANTUTYYIULDIANA v, AIAIURANAIAYDITYYIUBIANG v, LAE vy LLaméﬁ’quﬁ
8.11(v) aziulad1AuRANaIATBIFYYIMBIANA v, UAZ v, ﬁmqqqmﬁmmu ( agj‘ﬁ
FUUL —12.5mm  TAIAURANAIAVIAY —0.22mV Hay —0.28mV AINaIfU 3INHANIT
VA909003993939a11150a5ULA71 19asuUasdeyeyns LVDT Dudaradafidnausluuni
anunsawdasAndayeiuain LVDT Tinanadudyanaussiuidlaegsiused@nsaim daau
udadu waziianugnaeusiugn

1.5

Output voltage (V)

I(mm)
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0.4

error voltage (mV)

cee

-10 -5 0 5 10

5UN 8.11 nvluanaUseaniamuazanuuiugivesrnsuiasdyyrumitaue
(M) NINUANIFYYIUDIANG v, UWaE vy HOTZEENTIN (
(1) NIMUANIAIANNHANAIAVBIFYYIBIANA v, KA Vo

8.5 unasy

asa o

Tuunillaiauersasuiasdyau LVDT (Wudygramddanunsaitaulaseiedl

o

a o 1

Uszansain 1sasulasdygrantdtauevinanulageidersasmdiwrisaigenlunisaing

deyaumruANIasduuazasen Wevinisulasdyaaleldadiveundyaudslununis

A

wasunveswnu LVDT  Tonanaludynafd aussaugvesisasulasdayiad LVDT u

€

a

aﬁyﬁymﬂ%ﬁﬁwLauaiuuwﬁlﬁgﬂmaauﬁwmmmwsﬁq wayInsrerfiAnainnsadoud
YNy [ MInuanIsadevansasuduliinisasulasdyias LVOT  fidnausluuni
annsahluldauldase fyapaednmiliannisasuasdyaaiiinaue Tanaduids
B fennugndeuazusiugngs Snisdsilassadiedidoudie lidudou wazansaily

Uszgnaldauladng
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N138ATIENIRTVALLUNHNVES LVDT

9.1 Ui

o 1 1

dmiunildluladedifydwmansenudenisinauuasdygruiednnves LVDT fe

o
%

gaumndl lagaldudy LvOT  sfngnldanululsanugnamnssy visluanimuandendisingg
WasuuUasgamndl Fetudoaanendnmaes  LVDT JsamnsngnIunIUIINMIUABLUUAS
oaumild ifleainamsumuvesunaanaely LVDT  fidwusdunugumgil iegmad
Wty anudumulnihvesweainesiinty nszuafilvariiuunaindedianas damaliunseiy
L01NAYed LVDT Tenitanassng TuunilFldiaunicasulasdayaa LVDT fiansnsovaee
NansENUTAnIINNsIABLLUAIUMYTiaDNIRT Fes1aziBunreinsdansizionniuy uaz
nagdeuUszansnmazlanannlumdesely

9.2 NANNMTHUATIZANATVALLEUNATVY LVDT 29a5usniitiLeue

1A5983199893995VAL 8 UNNHVee LVDT Nldinallan1sUaundu aiu1sauaninieg
lpegunsuagsiefsgui 9.1(n) Imaﬁaumawﬁaﬂﬁé’auﬁwLﬁuﬂizLLamawiauyjaaﬂNd’lmaa
< 2 (v I3 [~ 1 [ a a gj
LVDT agwiulaindaanedwsves LVDT unaisvesdygyinainiaainnfegiiveass vin
Uoudyaailatinszdu v, =Vpsinw,y Wknveainlgundl 10eil o, =277, way £, AoAdud
YOIy IUN AU dyayIaInTRaIAYRevEeaNTUlARENNTS

! .
ve =Kl (1+l—](l—aAT)VP sin (@, + ¢ ) (9.2.1n)
C
! :
ey vg, =K, 1 LI—Z—J(I—(ZAT) Vp sin(@,t + ¢ ) (9.2.1%)
C
o K, Ao auliwes LVDT
Ic A9 FWuUeAINaNewes LVDT
[ fo  dumdbinunumdeniiadeunluainsiunuinangig
a Ao dulszAvsomumng
AT fo gaumiiniUisuwdatlivaingamgilvies 25 °C
¢s Ao AnusAHaTEnIAUTUHLarYRa AR

Py ; S e v .
enasiiduenansianubdmiumslvnuienisdnwiniiu lueygymlnhlulyusslevuaiunisen
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Vsin [ | ‘r 77777 .777771.}1777
} LVDT } | summing ampliher
I ! }
| + !
! ,:,,I . ! i Va —}O i Vsum peak-amplitude
+ Vi Vex | S ! I finder
Vief o—4>Q X : . ve | i + |
! ol ! Il
I + Amul } é % } l 2 }
I ! |
[ v | sample
! . B ; &hold [—OVa
K } | Eommmmmooooe- !
= = g
\ \ 3
Lo \ :
sample
. & hold O Ve
+ Pl v/ " K/
(n)
AT © > —ay,
vtemp

+ % Vins 1 O
vref O—e—( }—mP Km KS " —O V,

Y

@)

JUN 9.1 (n) wannsdaasieiesyaeaungives LVDT (v) udenlnevunsy

INFUN 9.1 (n) Fysyrauiendnm v, ve3 LVDT Fana1aasdya aianunainnie)iiniass

Y

WEARIAIFNNT
vy = Vs —vsy = 2K, 1((1-aAT)(Vp sin (@, + ¢y ) (9.2.2)

IUIVUIATOIFY QI v, TuaNn1sT (9.2.2) udndruiuduntsnu 1 waznsidsunlas
QUVILINGBN AT 3INFUT 9.1(N) AIVEIUNATINANTATLUANNTUIITUNATIN Vi A

Vo =K (1= AT )(Vp sin (@, + )) (9.2.3)

s - ) @ 7 - = g ' Yo Y c ¥ 7
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[

TULGIF I vy WA Vo DelARNITY 180° 21NEUNTTT (9.2.3) FENUTT vy TEN
wstunsafunsasundasgamniivindes Tnglifufuszesuny 1 ilovnenansznuain
QUMY AYLINGIEAFIUINVDIFRYAIAL vy, I2QRIUABTUUTIFUAT v, TV BULTBUAY
WIIAUDNNDY vy é’fﬂLLamiusUﬁ 9.1(n) miﬁwmumaﬁ%miﬁﬁﬁLauaﬁfﬁ]vadmﬂéfamua%mﬁ
mumawmammmmwmua“maauaamwmimaauwaqammumaam Immmmaammm
dryayeu a]mwumamaacucummmmmmmwsamLLavmmmamN% Lwaammﬂamammm
FUUINVBIFYYIN vy UAEFYRYIR vy O UESF YR8 v, waedynnaInunuiiadoud
U vy Toedien v, YNAANDUMILFIINUT K, \eassdyana v Jududuguteundu mﬂgﬂ‘ﬁ
9.1(n) LIIAUDIBY v, UATUIIAU v, %gﬂﬂaulfﬁwﬁﬁammmaﬁmLLasmamMLﬁaa%ﬂqé’m@ﬂm Vi
dWSUraTENIAIUANFIBUSITU 4, Tumshauiianiusasi ussiy v, azgniadulsiiien
WU v WREFIM vy, gnUSURIRME TN v, Lﬁaa%fwé’@aunmmzéju v, Wil gnelH
LVDT UeusTidauauas v,,, FOHARISENINEIN v,y Uae v, %agnﬂszmawa‘ﬂmuﬁaﬂlmzumu
Ky 090 U9 U899 v,y AAEURUS YOI Vi, vy UAY v,-a']mm,l,am"lﬁﬁqﬁ

Vi =V + K (vref —vf> (9.2.4)

N9 9.2.1(n) Fyau s v, g_]ﬂﬁmuﬂﬁﬁmmmLLazmmﬁmﬁ LLazLﬁaiamaﬂiwwaqqmmﬁ
mmsm?uauiﬁdm%uﬁagﬂﬁ 9.1w) lnefi K, Ao 9NIINTTVYILUIIAUYDIAIVENATUANG Y
WIIOU A, 4BE a,=ak, Lﬁaﬁﬁé’mmwm Ve WNUSHUNBUAULIIAUOIDT v, WAZATS
Wasuuasgamgiwinden AT fafuanmnsomenuduiuglii

K, K, (1+K
y, =t o (14K) AT (9.2.5)
1+ KK KK,  1+KKK,K,

2zlen

1% o Y 1
o vualiensIngeny K, =
UK, K

m==s

Vy =K, K v,r — (9.2.6)

a
+ K,

(%
v v

Tunseenuuunisteunduazunuudenlanozunsuued K, 879959878 AITUAININ Ve, VB
ANAANLAZNAUINAIYNITNTLIINDUNNTaa1L T LA NaNNTS

Vorr (5) =V, () + K (Vi ()= (5)) (9.2.7)

[

el 7, AoALIAIBUNNSATRIRIVNEBUNLNTA AIHUENNTOLTIURNNTT v, WALVLAST
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vy (8) = Ky K vy (5) —%Am) (9.2.8)
1

nuaenlaezunsuluzufl 9.1(a) amsauandasasnavesaslinagui 9.2

Vsin

Aml/l

vr

5UN 9.2 195vaiveguuniifivaue

mﬂgﬂﬁ 9.2 ausneSurensruvesases il Lﬁaﬁwé’@mﬁmLaﬂﬁwm vy WATEYYIU v
1Tnuln19asvegRaE fiad1amseaUuent 4, Feuviu Ry uaz R, Lﬁaﬁmumé’@apm
Vo UUIALOAUINVDITYYIN vy A1115005933U M ABITIA BOAVLIAT Y100 T3
UszneumeiuSeuiisudyaial Ao, 4o sudames 0 dufuusey G, Miunudiuails
Rin Wa¥HIUNIU Ry, Rs UaE R L0UAIMIANEBAUUIAFQIMITATNFYYINAIVAY ve LU
dnunigvosiaduayy [ilomuANNITAINATAIE 4, Loy A, Welilddyaa v, waz v,
MnuAruIngenvesda Il v, ggnaanaulaganudunulsuala Ry, feudewdieey
woud 4; Wiaduussiutloundu v, = K, v, ﬁqmmﬁ 25°C &au1od v, ASINAULTIAUDNDY v,y
Tageeuuond 4, FufuUszy ¢ uagfdmumu R, - R, avgnesnuuuiiievivthiidudusy
P1eRan1e warsandndudinseyiduiinga Tnefidaduniu R, Tdedostunisvianudil
iafesveseatuand 4, eananuqlifiuds Faussiuriesn v, veseeuuond 4, awsn
WARIAIALNT
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(R4 R)| (R4 R) G R
=1 "2 21 (5)——2——v, 9.2.9
Y (5) R (1+sCRy) |7 (©) (1+sCR)R, (s) 9.29)

Tun1eUJoR A1ANUAUNIY R, 38TANINNTT R, 1109 ASUUENN1SH (9.2.9) 1 0 > 0 @150
Uszanaulaan

RCs+1

Vn($)= RCs
1

lef( ) vf(S) (9210)

(%
v o

MINUBULTIAY v, TARIDE18AIVANMIERIINU A, LIOUTUVUINVDITYYIN vy, A9TTUFTM
v, @350 0sula

aR Cs

T+ RCs ST AT(s) (9.2.11)

Va (S) = KmKsVref (S) -

naun1si (9.2.8) was (9.2.11) Fraarduiinsm 7, =R,C; swiuldimatiusnauviiiieves
aun1s (9.2.11) uansmanulives  LVOT lnglddnatumedatlounduuraziinatunaifiaos
Wiy Fawansenuanmaudsundaseamgiivinden AT annsagnitdaldldfienisnseii
uiinda wenanilsumisunu 1 @13150MLAANVUINYDAUINVBIAYEYIBIANA v, VB LVDT
1ugﬂmaqé’mﬁywmmsm§auﬁ va WelTI9TdULATAIAT A, ﬁaﬁumaﬂﬁzmwaaqmwgﬁnﬂé’am
gnanneuanasluie

9.2.1 NMFIATIZHENTTOULVDIITUSNNULEUD

MsIATERaLIaUEYRINTIYIaueansaes u1e Ll Fvneneenvuadyaaild
afedynamuni ve o1ainenulideiesldvinimunasiona T, =R,C» hianzan
etesiulilfiAnaliideilosvesiaduesdygnmmunu ve wfosimundasianm 7,
WU (T, - T,) \dle T, wag 7, Aomuianre3nuinsefulasnaInInuveensguLazng
ANNIUAINU mﬂgﬂ‘ﬁ 9.2 YUNAYOAUINVDIUTINU vy WU K5 Cp IATIUTITU vep azananiiy
KV, sin[(1/ 2w —Q22T, /T,)] Tu¥R@10381 (T, - 7,) NEIINAAUIVUINGBAVBITITU Ve

ATUALTONANTAUNAPIA AT LAR1N

R,C, = a4 (9.2.12)
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[leanussfunszilonvetondnnanasguuazasrlifidndesan agfosimuaniuninees
AUy 1uAIUAY ve MHAMIIAUNAINITAIVTIY T, V999asduuasasdl aefvunlyial
AYAILIAT Ty = RsCp mﬂgﬂ‘ﬁ 9.2 FIFIUNIU Rs WIUNISHUAIAINTLLAADALANABS ic; VD9
niudaines 0 Wiludyanauseiu v, dudil3suiiou 4o wagfmaunudiuald R, v
winfuudsdyna v, Idudyanunuau ve nszuanealdniaes i vomsudames 0,
wlvarusufiuuseg Cp uazddnumu Ry Ssanunsouansaudiiuslénd

(T =41,
Vop|1—sin T 7 |Cp
i) = “ (9.2.13)

%

1087 Vop ADTUINEDAVDIFYYIULTINU vy, IAUANATONFIFIUNIY Rs NAWYINAU i Rs U0
Vee - Vop) atiuanifioumnuduiusyosainsionan Ty uag 7, londu

Vee =Vor) T,
Ty = RsCp = (Ve TOPE 4qT (9.2.14)
. ex q
Vor |:l sin {2]:“ jﬂ':|

0 T, = 6.5Us, fo, = 5kHz, Vop = 2.92V, Vee = 12V, hag Cp=0.1pF AIANMUAIUNIY Ry UAE Rs
UANUNITU 92.16kQ 1ay 9.7kQ ANEINU F15UNITRINTULEDETAIN VD925 TEH AU
N1561818U Fay(s) maaami?juLLazmmﬁmmmﬂﬁzmmﬁﬂé’é’aai'ﬁmiﬂizmmﬂ'wé'uﬁ’wﬁma
Padé dmIutiaiaIn1sgu 7o, i

g s
O e 9.2.15)
s (? s+1) (T, s +1)

laofl Toy Uae T, ABT291981N1TA0UALBIYDNIITFULATAIALAYAUIANYBIAINAN T AL
muadU U 9.3 uansudenlaezinsuvesgud 9.2 daldmunudnuuzaiuliiugauaives
gunsallishe 91n3Uf 9.3 7, Wuriassina1vesesduent 4, Fsiidnsinsvenswindunils
wae 7, JunaneuaueaveIfiug gk uuAIUANAIBLIINY 4, A1AGIIAT T, veseaUuwou
4, ewihdu 1/GBP \ilo GBP Aenaguuesdnsnuenefuuuudisvesestusud 4, Arnsianan
V04 T, T, wd Ty, Sientiosniimunaivesnrminsedu deduileidunislougrelusud 0.3
anunsaUszanadlimiu
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KT]_T;XJS-’-I}KMKS aaTlsKTm+Tm—T§x

Vyer (8) =
K, KgK T, o K, KsK T,
— T s+ K, KK (T, - =82 e Szf e

js + 1}
AT(s) (9.2.16)
)s+ K, KoK,

va(8)=
(7

AT o——> _g,

T,
Ks(="¢ s +1) ey

T+ (T,;s+1)
1
T;s

+ - Vr
—( )« Kf

JUT 9.3 vdenlnesunsuuesguil 9.2

(Tous + DTz + 12 +1)

TumafiRdasweneleundu K, fvualniu /KK, wasn1swdsuwlasaamaiivindeuss
FINIAIAUIAIANNINTEAY ALl TUNUTARINUYINVRIENNTN (9.2.16) AzdRAAG DY
fudeulaved (T, + TSU —~Tex/ 2)o| <<1 Fsaunsauszanailanil

T,
(T, —e)‘jsﬂ K, K
2 a,T;s

T Ve ()
T, —— |s+1 T, ——& |s+1
2 2

NENUNTT (9.2.17) mstuaeulul 7, > T,, /2 Wiefiarsaadesainluaniizasiaidladiguiu
AW v, dWTUN K, =1 22191

v,(s) = AT(s) (9.2.17)

v, =K, =2K,lv,, (9.2.18)
seiiuladnvunvesdyyin v, stuediuanulives LVDT lagliiinavesgmumngdl AT 61

#sauINsAguLUAUeIgUuNiKIAReN AT n1sideauuvesdynind v, Waguiugumgll
AT @330 08 UaNN15Lea

AT(s) (9.2.19)
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Tunuiinavasunlaguuugiivindenasiniuy AT og1919 Welilsuiuanudnsedu way
AIAIIIIAT T, AR9lAININNTIAIULIAINEY T, VBsnudnTeduialosiunisiideua
N FYQINAINNITFUVDINITFURALAIAT AILUANNTT (9.2.19) aunsauszanallad

a

oT15 A7(s) (9.2.20)
T;s+1

v, (8) =

Aa1duiinga 7 ansnsaruueliidu 7, 2107, Wearwazanluniseenuuuuasiuia 990
20951u3UT 9.2 Aandndannizasuils 75 dwdunsasuulasguvniivindeuegsdundy
AT mmsai’miﬁmmmnawmmsLﬂﬁauLLUaagaqmmaaﬁmmwm v, DNANANANAAD 0.1% B9
mﬁmﬁ'ammaagﬂqm AWTMLAINAUATS

T, = 6.908T, (9.2.21)

TuneufiReaidudinga T, fvualilvindu 107, em5Unaneuaussisnisd 1a1n1sunag
T 98US2U0u AU 15.816ms

9.2.2 NMINASBULAZNANISNAGDUNITIINUVDINITUIANULEUD

2asfiinauelugui 9.2 e aflefuduussansnmvenses Tnsgunsaliilda
Tusendugunsaindsmingluiesmarnloun eevnond LF351 dm$u19as 4, uay 4, e
UANRIBUTIRY A, aitulagldfauuouzdon AD633 2asduLarAse Ak, uay Ak, 9519
paulaul LF398 29astUsuuisudyaiad Ao wonld LM339 uag LM311 d11su199s Ao oy
7 GBP vps0oUnond 4, way 4, SA1Uszana 3MHz ArAsiaan Ty SA1UsEane 53ns LVDT
Alunsnnaosiiftnsmsta 12.5mm wazdauly 69mv/mmA fimnud skHz  fviun
FNIINITVYIUUIRU K, maaﬁwmaﬁmuaué’ammﬁu A, whiunils waviuusliainanm
FIUNIU R; =R, =30kQ a8y Ry; =Ry, =10kQ Tdunasduussduagivinu £ 12V dmsudyaiu
NITAU vy 4A918 SkHz 1WA 2Vep WsaiUlfing1984 v,y SiFn 1V FAuUsEq C=C)p=0.1pF
TEdnTUI9TdURALAIAT A, WA 4 Fonlinainsmusuiaussana T,=6.5us d1m3usn
megenvundyaaldiaiulsey  Cp=0.1pus Fofuauiiuny R, way Rs fawvinfu
92.16kQ uar 9.73kQ MNAIGIU ALIANBUNINSA T) gnAmualilviniy 107, w38 2ms ot
NN T,=R,C, Wermualiiufvlsey €=0.1ps FeupAui UL R =20k Wag R,=300
kQ sudeuluves R, >>R, Wievandsimsinuiildaiesveseauuend 4, fdumuliud
6 Ry azusuiiieliussdy v wirduussfudneda v, flguugiivies 25°C 3Ul 9.4 uansgy
AR Ve UAT vy, V092905TUTUT 9.2 WUTIMSBOUNATENINEYQIAL Ve UAT Vo 3]
ATUTEANNL 18° UIIULIANA v, VDIINATAURATAIAT 4, HANINAUIUINYDAVDIAYYIN Vo
WS FYIMEN Ve Lﬁmﬁuﬁﬁ%mﬂwammé’mmm Vo WaMIOUNIATIARUUSEANT AN
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Y9419 5NAUDABNANTENUANGUUNILINGBNYDY LVDT Jwihnisnadeufigaumaiilugig 20—
70°C TAANANLAUILALYDY LVDT tUASULUAIAIWA -10 D9 10 mm TIa1U1TAIUINAIAINY
RanaInNFURUS T UNaaNS N IR lea1NauNIT

Al
relative error (%) = g x100% (9.2.22)

ﬂl a ! 1 dIU ¥ 1 dl Y a
o Al LanIAURANEINSENINATNIRLALAs ATTILNTS S

100V ch2 2,00V M40.0ps

FUN 9.4 USIRUNIALA U A0 v UAT Vi

12 0.12

000 20°C +4s 60°C
10 oo wamm 40 oC eee 70°C 01

ooo 50 °C ,’_.—/*”4/
T ' T b

L e L
0.06 R S E\\L\/—-

0.04 |

Relative error (%)
B
Relative error (%)

- [oXeXe) 20°C AAa 60°C
III400C e0e 70°C
5 ; ; i ‘ , @s0 50 °C
-10 -5 0 5 10 -10 -5 0 5 10
/ (mm) [ (mm)

(n) ()
JUN 9.5 Armnuranaa (n) lfinsvaeamumniivag (v) In15ynivegaumgil

Y

o

JUT 9.5(n) wananansenusieaumviivasdyaraianaiilaliiinsvaiwe JUN 9.5(2) wanina

=~ =

nsENUsoguUlvesdyyIniednalleiinsyay Januinnallaiaueaiunsaand1nly
AANAIAIINAIEER 6.52% 1TU 0.098% FUT 9.6 uanin1sidouTaIwsIRUOBNLINYBIF TR0
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10NA vy NUNISIUABUUNYTLIAGON faus 0-70°C  NFILMUILAY Omm. 99In3U7 9.6
WU IIRURONENgIEAUTEUIM -0.12 mV

0.15 L5

Offset voltage (mV)
Offset voltage (mV)

1
0 10 20 30 40 50 60 70
Temperature (°C)

5UN 9.6 ussAueenisniuMsiUAsuLUavesguunyll

9.2.3 unagu

lumhdeillsdnauewetinnsdeunduilddimuauiuudadiuuinduiinia lng

179939818AIVANLIIRUNOUTUTUIAVOIF YY1 UN TEAUL DY ALYENANTENUIINQUN T
doyaauerdnnves LVDT tneldagidsainuly lnevuiagegaveuamnnves LVDT agndulag
VTFUUALAIAT VUENFYYIUAIUANINDITANRALAIAIALLANIAINDIANAVRY LVDT 9INNANTT

VPaBINUINNRTIiEaUell  dA1AUHANE 1A VRISYIMIANAANAIN  6.52% LRBLiEd

0.098% Tigaunll 70 esrnaaided wandliiuineasifivssdnsnmiiemedniunmsldanuly

Y Ao a a \ ¢ Y w o 44' a ¢a a ¢
Z‘mTWLL’mamwliJﬂ’ﬁL‘UaEJULLIJNGUENQEMMQJJQG L%U?Waiﬂ’m@miau’l ﬂQwULﬂiaQUﬁﬂimu’JLﬂaai

szuumuANNsiy ssuuiuaeiiow (Judu
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9.3 NANNITAUATILNINDTUALBLRUNNTVDY LVDT 299591d09#ieua

rasTAEgUMATiidmansEUse LVDT wasfiaesiitiausluuni vhaulngendonis
Jounduseisnsinauaifioandvesdinusenounoaiindldluiees anlaseadisves LVDT
fildinanlivadent 9.2 Weloudynranseduld LVDT aelédyanmnuaaanugugivisaosds
aun1s7 (9.2.1(n) uag (9.2.1(2) deyey0uednman LVDT %Lﬁumaﬁhmmé’@@mﬁgmaa oK,
aunis

Vy =Vg —Vgy = 2KLI((1—aAT)(VP sin(a)ext+¢s ))) (9.3.1)

PN a [ a1 Y Id ] [y P
INANNTN (9.3.1) UBUNAIAVDIFYYIU v, AAMUTHUTUAIUNAUIDIAUARIALATDUYDS
gaumiiwinaey navesgaumniinuansluaunisi (9.3.1) awnsauiuanlamedsnmstdeunduiuy

a 1 < o 3 a1 d’/ (5 o I A ~ o A PN =
100 agrelsinmudyaaiendnnves LVDT aslamueg fudiwsnunumieidiadeuily &
Tadwmngdunmshluldudgarutoundu wsasninausluimdeddslidnasiuvesdygiuain
ey Reniivivaesludygrndeunduinu vienlaezunsuveansadsdygradeundu v,
waneReguR 9.7(n) Feanunsauanaluudennisviauladagui 9.7() dyaiar v 91n5U7 9.7
ANTOLERIlARANNIT
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v =—(ve1 +Vs2 ) = 2K, I (1= aAT )V sin (@, + g ) (9.3.2)

]
tos )
| 5

e

(n) (¥)

JUN 9.7 (n) lassasnswesnsaisdayanadoundu v, (1) vdenlaszunsy

< Y1 a [ Y a a T
giiuladuaunignvesdyy i v, azuUsiuniuni1sildsuniasvesguungil laglaian /
4% o '

afunisiwnuAdisunluidnieItes lassadisweinisdounduislnuansdagui 9.8

0
9
TReionsve1enISUBUNAY G,=2K I AIFUNS

o 2KeKidevy AT 033
BN+ 2K KK e 142K KoK, I, as

ile Kp AD 899108180 UTRUNTY, Kr AD MMUTUTUIUIN Uae o = 20K,/ AONATYRIRMNYL

a

993 VDT naunsil (9.3.3) fauus o ﬁméﬁuag}ﬁumau 142K K K 1 ﬁqﬁ?umasuaaqmmu
finsenudedaygias v, Selidranas uenaniimeuvnadiuavesaunisd (9.3.3) Suansds
mulives VDT 9nmstleunduseguil 9.8 Feiimifesnitaala K, vesia LVDT Aradnsls
109 VDT figndleunduannsaiiutulddenisuiudasivens kP usidl kP figeagyinlsf

EDYTNINVDINTSUBUNAUARAY

5UN 9.8 laseaisvenastoundu

L g - ) @ 7 - = 'Y ' Yo Y ¢ 7
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aa A o L% d’l ) o v W d‘ % v ad
Fnsndnausluiidetiazilunisiinistoundudeun 9.8 Ui lasasiavesisnsdeu
naundnausluiveiluaniiaguin 9.9(n) MUUTUTUIUIN K A NTINAUIUIAVRIT YN v,y
way vy sns1venedounduvasudeninesunsuluguil 9.9(n) uanwmaunis

(14+Kp) 2K, 1cv,, a, AT
Vi = - (9.3.4)
01 Kr =1/2K, 1 92@11150L 08 Uaun15ba bvisd
o, AT
v =2K, 1oy, ———— (9.3.5)
5 714K,

A d' 1 Y = 1 [
WaNkINN19NTeluaunIsn (9.3.5) waniriaulivesn1steaundu daazwinuaiulives
VDT TuneljuRdnuaedyaiaves VDT 2zdianudianaseninenainlguiuazunain
e fandualeu Gy(s) annsaussunulafaunis

2K, les
G, (s) = —L< (9.3.6)
Tes+1
ANAINEINE 6, Tuanni1si (9.3.6) AU
-1
6, =90°—tan" (9, Tt ) (9.3.7)
WD Wero = 27for WAT foy ABAIIUNURIFYYIUNTEH Y 1NFUNSN (9.3.7)
wavesdggyrudounau Vi 93UNMUNITQYYIUD19B9 v, ALNE 0,
° Y a = Y] a ~
agvinliAnnisiasuinavesdgygiuAIINRAaNaa v,,, Tusun 9.9(n)

dwnaliuszansamuesnnaslounaunuiausanas Tuisnsiuaustinaved Sy v,

o Y o d' v v Y o= v A T oA Yo o
wardgInd v, AzRelinanngiiu fatudssodinslddndouma Ge(s) AU dyeiad vy
MNTU18laUVDY Gr(s) LERIAIENNTST

K
Gp(s)=——L—
F( ) (TFS+1) (938)
AAsTinIaaT Tr v
tan @
T, =—o=% (9.3.9)
w,

exo

s - ) @ 7 - = g ' Yo Y c ¥ 7
enansiiduenarsiavubidmmsumslvnuienisdinwinity lweygalnhlulydselesununisnn

v v ¥
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vdenlaezunsy G, uaw Ky luguil 9.9(n) axgnunuseiladidudielouves LVDT uazdaidou
wlamuddu fauansluguil 9.9w) AeanasIN S, AvesHadg S, Lardnswens K, Tugui
9.9(n) anunsasuduisasvenenauIn S, IeRagui 9.9() fladdudneloursUavesuden
lozunsailuzuil 9.9(v) wanssisannis

(n)

@)

JUT 9.9 (n) Bsteunduitinaue (v) vdenlaezwnsuaingud 9.9(n) fignansy

(14 Kp) 2K les Vypr (s) ~ ar (Tps+1)s AT

Vis(s) =
s TeTps” +(Tp +Tp + 2K KpK I )s+1  ToTps® +(Tp +Tp + 2K pKpK I ) s +1

(9.3.10)
W Te A AAINNIa1089 LVDT hay T ABAIAIINIIAIv09a a0 uwld annaunisi
(9.3.10) 81 Kr=1/2K,lc wag Kp>> (Te+ Tp) ag@d1saldeugainislalmaisadl

(14 Kp)2K les Vyr (s) oy (Tps+1)s AT
Kps+1 Kps+1

Vi(s) = (9.3.11)
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L3
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4

R R
Vi = _[_R3 ](‘(91 _Vsz)_(lJr_R3 vaz (9.3.14)
4

o
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- _ KF
Vf (S) - (TFS+1) st‘ (S) (9315)

e Tr=RsC, ABANAIAINIIANN M NaTALYeLNdYl 0, Vad LVDT way K= Rs /R AosakUsUsu

VU LUNFYIU v, WaT vy, Tilas1aiu 180° MITUA QI v, UBE vey, TWanTIAY ALWE
a a P a Y

PUALARIININAVDIFUAISN (9.3.15) TANNAU

Op =—tan"' @, T} (9.3.16)

ANAINNNGIAT Tr @NU150MLARTN 6, HIaunIS

o
T, = RsC, = tan—= (9.3.17)

a)ex 0

TunaUURA1v9 Ky = Rs /Rq Tugunsi (9.3.17) anMVUAlATAWYINY 12K /e

9.3.1 NMFIATITHENTTOULVRITNdRsULEUD
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IINWITVYIUHATIU Si, ke Sy ANWaved Si, wTuediu GBP, veseauuanl 4, Anuduius
VOIHEYYIUNARN (Ve — v ) UDTFYYI Ve, VOIDBUMOUT 4, UTEINULANIANNTT
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P
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0, =—tan || —Lex0 9.3.19
ab GBPl ( . )
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98 NURYAUW UadnTIVEY K, AISHANNNTgAMNTY

GBP,

10w,

K, (9.3.20)
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(9.3.13) ua (9.3.18) HANIENUVDIANINARDFYY U Vero A1N1T00UILLARIANNTT
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Voo ()= —|| (14 Kp )V, (8) ——L—V
exo (S) KPS B ( P) VEf(S) (RICCS) f(s) (9.3.21)
GBP,

Alnaannaunisi (9.3.21) axluusngegiinistioundu auma 0. MAnTuiiafaunis
0. =—tan”"' (RC,,) (9.3.22)
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1
10w,,, R,

exo

Ce (9.3.23)

AMTUNITVIILNATIN S DRTIVEIBUTIAUILIAU —1 uazisAtuaislou S, (s) TaAAsauns

-1
Sp($) == (9.3.24)
S

GBP,
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0, =—tan~'| Lexo (9.3.25)
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UM 9.11 NIMVDIFYYIM v,.., UATLYEYI Vg
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(n) ()

5UN 9.13 (n) Weswuianuilananiledslilavinisyaue
(1) oS URAURANAIALLIBYINNITUALYE

Proposed scheme

(n) (@)

5UN 9.14 (n) M33megunsaliienaaeun1sinauvesias
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Simple Technique for Linear-Range Extension of
Linear Variable Differential Transformer

Wandee Petchmaneelumka, Wittaya Koodtalang, and Vanchai Riewruja

Abstract— A technique for extending the linear range of a
linear variable differential transformer (LVDT) is introduced in
this paper. The linear operating range of a commercial LVDT is
narrow compared to the full stroke range due to its nonlinear
transfer characteristic. The narrow linear range of the commer-
cial LVDT can be extended to maximum stroke range using
the proposed technique based on LVDT inverse transfer char-
acteristic. The circuit building block provided the third-order
inverse transfer characteristic of the LVDT is established using
analog multipliers and operational amplifiers (opamps). The
proposed technique requires only commercially available devices,
which is attractive in terms of a simple configuration and low cost.
Performances of the proposed technique are discussed in detail
and confirmed by simulation and experimental results using the
commercial LVDT. As a result, the linear range of the LVDT
used in this paper can be extended from £2mm to +15mm with
the maximum absolute error of about 10.23xm or the full-scale
error of about 0.068%. It is shown that the linear range of LVDT
can be extended greater than seven times.

Index Terms—linear variable differential transformer, induc-
tive transducer, linear range extension, operational amplifier

I. INTRODUCTION

INEAR variable differential transformer (LVDT) is a kind

of an inductive transducer which provides the outstanding
features in the terms of high resolution and durability [1]-[3].
The LVDT structure consists of one primary winding, two
secondary windings and a moving core. The secondary wind-
ings of the LVDT are connected in the opposite direction to
generate the difference signal which is depended on the core
position [1], [4]. Practically, the LVDT is used to measure of
the displacement, position, level, flow, force and pressure that
are extensively utilized in engineering, industries, automobiles,
military, scientific and medical equipment [1]-[3], [5]-[10].
When the excitation signal is applied to the primary winding
and the difference signal from the secondary windings or the
LVDT output signal is in the form of amplitude modulation
with suppressed carrier (AMSC) [11]. To extract the core dis-
placement signal from AMSC signal, a synchronous demodu-
lator is required. Several synchronous demodulators employed
to extract the core displacement signal from the AMSC signal
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are proposed in [5] and [11]-[15]. However, the transfer
characteristic of the LVDT for the core varied in the maximum
stroke range is exhibited in the form of a nonlinear behavior
which can be approximately expressed by the third order series
of a sinusoidal function from —z/2 to #/2 or from negative
peak amplitude to positive peak amplitude [4], [16]. It should
be noted that the linear operating range of the LVDT is linear
only in the narrow range closed to the zero crossing of the
LVDT transfer characteristic curve. Generally, a large linear
operating range required a large and sophisticated structure,
while a large linear operating range of LVDT with a small
structure is needed for embedded measurement system. This
is due to that the LVDT with small structure contributed to
the compact scale of the measurement system. Unfortunately,
the application of LVDT is limited to its structure. Recently,
the fractional order LVDT which provides the large linear
operating range [17] is introduced. However, the LVDT of this
approach requires a specific design. Therefore, the application
of this LVDT is inconvenient compared to the commercially
available LVDT. The linear range extension of the LVDT based
on artificial neural network (ANN) is presented [16], [18]. This
technique can compensate the nonlinear transfer characteristic
of the LVDT for the large linear operating range using an
adaptive inverse model. Unfortunately, this approach requires
a high-speed processor to determine the adaptive inverse model
that results in a large circuit configuration and is uneconomical
attention. Another disadvantage of this technique is that the
large response time to achieve the linear signal from the
LVDT output signal is obtained. In this paper, the analog
circuit technique for realization of the LVDT inverse transfer
characteristic is introduced. The third order series of the
inverse transfer characteristic of the LVDT is implemented
using the commercially available devices. The proposed tech-
nique is based on a closed-loop configuration of an opamp
to obtain the inverse transfer characteristic of the LVDT. The
linear operating range of the LVDT can be extended to be
greater than seven times from the original linear range. The
performance of the proposed circuit is discussed in detail.
Experimental and simulation results demonstrated the circuit
performance are also included. The maximum percentage error
of the proposed technique for the core varied to the maximum
stroke range of the LVDT used in this paper of about 0.068%
is observed. The purpose of the proposed scheme is to obtain
a simple circuit configuration at low cost.

II. PRINCIPLE OF LVDT

The schematic diagram and structure of the LVDT are
depicted in Figs. 1(a) and 1(b), respectively. The primary
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Fig. 1. Principle of LVDT: (a) simplified diagram, (b) structure, (c) transfer
characteristic.

winding is placed between two identical secondary windings
with a radius r,. The lengths of the primary winding and two
secondary windings are assigned as b and m, respectively.
The moving core of the LVDT is a ferromagnetic core with
a radius r. and length L.. The gaps between both sides of
the primary winding and the secondary windings are equal
to d. The number of the turns of the primary winding and
the secondary windings are given by np and ng, respectively.
If an excitation signal v,y = Vysin(wext) is applied to the
primary winding, then the secondary winding signals g1 and
vs> can be expressed as [4], [16]
znzwexveannS(ZZZ +b)

Vs = I
10’"mL.Zp In(r,/7.)

(Ta)

and

2772wexveannS(211 +b)
10’"mL.Zp In(r,/7c)

Vg2 = 3 (1b)

where Zp is the impedance of the primary winding, /; and
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windings S; and Sj, respectively. The secondary windings are
connected in opposite direction to achieve the difference signal
04 = Vs§1— V52 as

va = K1l(1 — K2l?) )
Bwexvexnpng(b + 2d + lo)ly
for K| =
10'mL:ZpIn(r,/rc)
1
and K>

T (b+2d+ )l

where lp = (I} + [5)/2 and [ = (I; — [)/2. Practically,
the gap d is much smaller than the length b of the primary
winding or b >> d. If the condition of L. = (3b + 2d) for
b >> d is taken for (2), then the difference signal vy can be
rewritten as [4], [16]

oy = BT Cextexnpns 2 (l—p)zktl (1 - knlz) 3)
107Zp In(r,/r;) 3m 2h2

where k; and k,, denote a sensitivity and a nonlinear coefficient
of the LVDT, respectively. Practically, the LVDT signal vy
is demodulated using synchronous demodulator to extract the
peak amplitude of the signal vz [11]. It can be seen that the
behavior of the LVDT in (3) exhibits a nonlinear transfer
characteristic as shown in Fig. 1(c). If the length / of the
moving core is varied in a narrow range, then the difference

signal v, is linearly proportional to the moving core varied to
the length [ as

va = kil “)

The linear range of the difference signal vy in (4) is limited
to the linear stroke length [; as

&
L=+ ]— 5
I = (5
where ¢ denotes an acceptable value of a relative error for
the LVDT signal v, at the end of the linear stroke length ;.

III. PROPOSED LVDT LINEAR-RANGE
EXTENSION TECHNIQUE

The technique to synthesize the inverse transfer character-
istic in this paper is based on the principle of an inverting
amplifier using an operational amplifier (opamp) as shown
in Fig. 2(a). The function block f(-) in Fig. 2(a) contains the
transfer characteristic of the LVDT. From Fig. 2(a), the cur-
rents i; and iy can be obtained from v;,/R41 and v ¢/Rg2,
respectively, and the voltage vy is the function of the output
voltage v,. Thus, the output signal v, can be determined from
the sum of the current signals at node A as

Vin _f(l)o)
Rai Ra>

From (6), if the condition of Ry; = Ry» is assigned, then the
output signal v, can be given by

vo = =" (Vin) (7

It can be seen that the output signal v, is an inverse function
of the input signal v;,. To generate the inverse transfer char-

(6)
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Fig. 2. Proposed technique: (a) synthesis of inverse transfer characteristic, (b) block diagram for synthesis transfer characteristic, (c) circuit diagram of
Fig. 2(b).

by replacing the function block f(-) with the circuit building
block for synthesizing the LVDT transfer characteristic. The
LVDT transfer characteristic in (3) can be simply synthesized
using the analog multipliers as shown in Fig. 2(b). From
Fig. 2(b), the output signal v, can be written as

o = ki (1= kav?) o) ®)
where ki and ky are set to correspond to the LVDT sensi-
tively k; and nonlinear coefficient k,, respectively. The circuit
configuration of the block diagram in Fig. 2(b) is depicted
in Fig. 2(c). An opamp A3 and a variable resistor R, are
utilized for the gain compensation and adjusting the coefficient
ko of (8). The difference of the signal »; and its third
order signal v3 is determined from the difference amplifier
comprising an opamp Aj, the resistors R,; — R4 and the
variable resistor R,, where the resistance of the variable
resistor R, is assigned to be much less than the resistance
R». The nonlinear coefficient k, can be determined from
the maximum amplitude of the measured transfer charac-
teristic of the LVDT. From (3), the coefficient k, can be
stated as

_ k[lp — Vdp

where vgp and [, denote the maximum amplitude of the LVDT
transfer characteristic and the position of the moving core at
the maximum stroke range to obtain the maximum amplitude
vgp, respectively. The LVDT used in this paper provides
the measured parameters for the relative error of 0.5% at
linear stroke range [; = +£2 mm, k, = 84.617mV/mm/V,
lp = £16 mm and k, = 1.103mV/mm?2, where the LVDT
excitation signal is set to a sinusoidal wave with 1V peak
amplitude.The circuit configuration of Fig. 2(c) is simulated
using PSPICE analog simulation program to demonstrate the
response of the signal v,. From Fig. 2(c), the signal v varied
from —1.6V to 1.6V is assigned to represent the LVDT core
moved from —16 mm to 16 mm.

It should be noted that the sensitivity v, /o1 of the synthe-
sized LVDT transfer characteristic is equal to 100mV/mm/V.
Therefore, the coefficients k; and kp are set to 0.8462 and
0.1103, respectively. The simulation result for a linear input
signal v1 of Fig. 2(c) is depicted in Fig. 3(a). It can be seen that
the linear stroke range /; = 2 mm of the LVDT used in this
paper corresponds to the magnitude of the LVDT difference
signal vy in the range of £168.76mV. Also, the maximum
magnitude of £972.65mV is measured at the maximum stroke
range 16 mm. From Fig. 2(a), the inverse transfer charac-
teristic of the LVDT can be achieved by replacing the block

; .= L (g lemste o e M pacing e
nansiiduenansiiasiihdmsumslsnudien s e AR M fndionNegt g
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Fig. 3. Simulation results: (a) simulated LVDT transfer characteristic v;,,
(b) simulated inverse LVDT transfer characteristic v,, (c) simulated signal v,
and absolute error dp.

response of the signal v, is simulated and shown in Fig. 3(b),
where the signal v;, is linearly varied form —972.65mV to
972.65mV. Also, the simulated result of the signal v, for the
LVDT core varied in the range of £16 mm is shown in curve
(i) of Fig. 3(c), where the LVDT difference signal v, for
the peak amplitude of £972.65mV is demodulated using the
technique presented in [11] and applied as the signal v;,. The
absolute error J,p of the signal v, is shown in curve (ii) of
Fig. 3(c). It should be noted that the maximum absolute error
dap 18 occurred at the stroke range of 15 mm. From Fig. 3(c),

IEEE SENSORS JOURNAL, VOL. 19, NO. 13, JULY 1, 2019

to 1.36um is observed. Therefore, the linear range of the
LVDT used in this paper can be extended from £168.76mV
to £1.5V corresponding to the LVDT stroke range of +2 mm
to £15 mm.

IV. PERFORMANCE ANALYSIS

The performance of the proposed technique can be inter-
fered by the non-ideal characteristic of the devices used
in the scheme. The derivation from the ideal performance
of the proposed technique depends on the accuracy of the
synthesis of the LVDT transfer characteristic. The voltage
signal v3 of Fig. 2(c) including the nonlinearity factors &,
and ¢, of the analog multipliers AM| and AM>, respectively,
can be approximated as

03 = 03(1 4 em1 + &m2) (10)

The tolerance in the resistors R,;;1— R4 and Rg1 — Rgpof the
difference amplifier and the inverting amplifier, respectively,
contributes to the inaccuracy of the function block f(-). If A,
and A, are the tolerance in the resistors (R, and R,3)
and (R;2 and Ry4), respectively, and A; is the tolerance in
the resistors Ry1 and Ry of the inverting amplifier. Then the
voltage errors ¢, and ¢, of the LVDT transfer characteristic
signal v, and its inverse transfer characteristic signal v, can
be, respectively, given as

Rz (A2 Rt — At Rin2)

= 01 (1D
aRlemlRmZ(le + Rm2)
and
(Am2Rm1 — A1 Rin2) Raz
go = — | Arvgm + Dop
aRg1 Rt Ry (Rt + Rin2)
Ra» 3
+aRd] k2(3m1 + 8!112)1)0[))
(12)

where vg, denotes the amplitude of the LVDT transfer
characteristic signal at the maximum stroke length and v,,
is the expected output voltage v, of the inverting amplifier at
the maximum stroke length of the LVDT. In Fig. 2(c), if the
resistances R,,1 = Ry3 and R,2 = R4 are assigned, the value
of the coefficient a is adjusted to be such that the gain k; of
the difference amplifier is consistent with the sensitivity ;.
In addition, the resistances R;1 and R;; are assigned to equal.
Then, the error ¢, and &, in (11) and (12), respectively, can
be rewritten as
. ki (Am2 Rt — Ami Rin2)
" le RmQ(le + Rm2)
6 — —(Alvdm n (Am2Rim1 — A1 Rin2) klv)
‘ Rt Rin2 (Rin1 + RmZ) >

+k1k2(sm1+emz)v3,,) (14)

13)

From (14), the tolerance A; can be reduced by replacing the
resistor R, with a variable resistor and fine tune its resistance
as close as the resistance Ryj. Practically, the factors &,
and ¢,2 can be measured from the experimental result of
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experimental implementation, the resistors (R,,; and R,,3) and
(Rm2 and Ry4) are selectively matched with the tolerances
of 1% or Ay = Az = 1 x 1072, The resistor Ryp is
replaced by the variable resistor and adjusted to be close to the
resistance Ry for the tolerance A of 1x 1073, From Fig. 1(a),
the excitation signal v., with the peak amplitude of 1V is
applied to the primary winding of the LVDT. The LVDT
output signal is demodulated using the technique proposed
in [11] where the demodulated signal is used as the signal
v1 in Fig. 2(c). The peak amplitude of the signal vy, of
about 955.31mV at the core position of 15 mm is measured
for the expected output voltage v,, of 1.5V. The nonlinearity
factors ¢, and ¢, of the analog multipliers AM| and AM>,
respectively, are measured of about 6 X 1073, From (14),
the maximum error ¢, at the maximum stroke of 15 mm
is calculated as 0.993mV corresponding to the core position
of 9.93 um. Therefore, the percentage error of about 0.066%
is observed. It should be noted that the voltage error ¢, can
be further reduced by tuning the resistor Rg2 to close to
the resistor R;1. However, the minimum percentage error is
limited by the nonideal characteristics of both the active and
passive devices used in the proposed scheme.

V. EXPERIMENTAL RESULTS

The proposed scheme in Fig. 2(c) is implemented to observe
the circuit performance using commercial dual opamps
LF353 and analog multipliers MPY534 as active devices. The
resistors R,1 = Ry,3 = 50kQ and R,» = R4 =20kQ are
selectively matched with the tolerance 1% or A, = A,n =
1x 1072, The resistance Ry1 of 20kQ is chosen and the resistor
Ry> is replaced by the variable resistor of 30kQ in order to
tune its resistance closed to the resistance Ry for a tolerance
better than 0.1%. The power supply voltages are set to £=9V.
The LVDT used in this paper is a commercially available
device with the linear stroke range of £2 mm and k;, =
94.5mV/mm/V. The excitation signal of 1V peak amplitude
at 2.5 kHz sinusoidal wave is applied to the LVDT in order
to measure its transfer characteristic. The LVDT demodulator
in [11] is used to extract the envelope of the LVDT difference
signal v4. The demodulated signal is applied as the input signal
of the proposed scheme for experimental implementation. The
prototype of the proposed scheme is shown in the dash line
frame of Fig. 4(a) and the experimental set up in order to
demonstrate the response using the LVDT synthesized signal
and the practical LVDT signal are shown in Fig. 4(b) and 4(c),
respectively.

The transfer characteristic of the LVDT is measured as
shown in Fig. 5(a). From Fig. 5(a), the sensitivity k; of
the LVDT is measured as 84.71mV/mm/V and the maxi-
mum amplitude vy, = 972.65mV at the maximum stroke /,
of 16 mm. The nonlinear coefficient k,, can be determined
from the voltage v, by using (9) as 1.103mV/mm?. From (5),
the linear stroke range /; is calculated as £2 mm, where the
accepted relative error & of the LVDT output signal vy is
0.44% or 4.4x1073. The variable resistors R, and R, are
chosen as 1kQ and 10kQ, respectively. The maximum stroke
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(2)

(b)
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Fig. 4. Experimental setup: (a) prototype, (b) for LVDT signal synthesis by
computer control board, (c) for signal from practical LVDT.

to the maximum output signal v, of +1.6V. Therefore, the
variable resistor R,, is used to adjust the coefficient k1by tuning
the parameter o of the difference amplifier which is equal to
0.8471 corresponding to the sensitivity k,. Also, the variable
resistor R, is adjusted for the coefficient k; = 0.1103 corre-
sponding to the nonlinear coefficient k,,. It should be noted that
the analog multipliers MPY534 used in this paper provide the
inherent attenuation factor of 0.1. From (8), the coefficient k>
is now included the gain compensation of 100 for two analog
multipliers. Therefore, the coefficient k» is assigned as 11.03
to compensate the attenuation factor of the analog multiplier.
In addition, the nonlinearity factors of the analog multipliers

range i the DT IS rmtets s NS Sltesermting s oM Ry St b T T S ek A fagfured.
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Fig. 5. LVDT transfer characteristic: (a) measured LVDT signal versus core
position /, (b) measured LVDT signal synthesis by computer control board.

The LabVIEW computer simulation program incorporated
with analog input/output board from National Instruments
(NI-USB-6009) are used to demonstrate the dynamic response
of the LVDT. To confirm the circuit performance, the LVDT
transfer characteristic in (3) is synthesized where the parame-
ters of the LabVIEW program are set equally to the practical
LVDT used in this paper. From Fig. 3(c), the maximum
absolute error d,, from the simulation result is occurred at
the core position of =15 mm. Therefore, the maximum stroke
range used to verify the performance of the proposed scheme
in this experiment is assigned to 15 mm. The LVDT transfer
characteristic produced by LabVIEW program is transferred
to the NI-USB-6009 board to synthesize the LVDT signal for
the proposed scheme. The measured response of the LVDT
transfer characteristic synthesized using LabVIEW program
incorporated with NI-USB-6009 is shown in Fig. 5(b). The
peak amplitude of the LVDT transfer characteristic generated
for a stroke range of 15 mm is observed as £955.31mV.
It can be seen that the measured response from the output
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Fig. 6. Experimental results: (a) measured inverse transfer characteristic,
(b) measured signal for simulated input v;;,, (c) plot of output voltage v,
against core varied in range of +15 mm, (d) plot of absolute error dp,.

linear range of about £2 mm and the stroke range of £15 mm
closed to the LVDT response in Fig. 5(a). The input signal v
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TABLE 1
COMPARISON BETWEEN PROPOSED TECHNIQUE AND RECENT WORKS

Percentage of linearity

Proposed technique 0.0680%
Reference [16] 0.5105%
Reference [17] 0.2937%

corresponding to the stroke range of 15 mm for the LVDT
used in this paper. The inverse function of the LVDT transfer
characteristic generated by the proposed technique is measured
as shown in Fig. 6(a). Fig. 6(b) shows the measured results
for the output signal of the proposed technique in Fig. 2(a),
where the input signal v;,, is the synthesized signal as shown
in Fig. 5(b). It can be seen that the output signal of the
proposed scheme can be linearly extended from 42 mm to
£15 mm close to the simulation result in curve (i) of Fig. 3(c).

Fig. 6(c) shows the measured result of the output signal v,
for the core of the LVDT varied from —15 mm to 15 mm,
where the input signal v;, is the demodulated signal from the
LVDT used in this paper. From experimental result in Fig. 6(c),
the absolute error d,, of the output signal v, for the core
varied in the range of +15 mm is shown in Fig. 6(d). From
Fig. 6(d), the maximum absolute error d,p of about 1.023mV
corresponding to 10.23um is occurred at the position of the
LVDT core as =15 mm. The full scale error o ¢, for the core
varied to the maximum stroke range, usually described in term
of the percentage of linearity [19], can be defined as

max @ab) 1009

5)

7fs = full stroke range

From (15), the full scale error o is achieved as 0.068% for
the maximum absolute error d,p, of 10.23 um at the maximum
position of the LVDT core of 15 mm. It can be seen that the
linear range of the LVDT used in this paper can be linearly
extended more than seven times from £2 mm to £15 mm.
The recent works proposed in [16] and [17] are referenced
for comparison with the proposed technique in term of the
percentage of linearity. It should be noted that the results of
the recent works mentioned above are achieved only from
simulation results. Table I shows the comparison between the
percentage of linearity obtained from the proposed technique
and those of recent works. It is evident that the proposed
technique can extend the linear operating range of the LVDT
with high linearity.

VI. CONCLUSION

The nonlinearity compensation of the LVDT behavior has
been proposed in this paper. The technique is based on the
inverse transfer characteristic of the LVDT generated by the
analog multipliers and the difference amplifier. The configura-
tion of the proposed technique requires a minimum number of
devices that offers a small-size scheme. The linear operating
range of the LVDT is extended close to the maximum stroke
range with high linearity. The performances of the proposed
scheme have been demonstrated by simulation and experi-
mental results. The results confirming the performances of

the proposed fechnique colngide with theoretical expectations. - 71
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ABSTRACT ARTICLE HISTORY

A high-accuracy resolver-to-linear signal converter for the measurement of ~ Received 23 February 2017
angular displacement is proposed in this paper. The proposed converter Accepted 11 February 2018
comprises two sections: a demodulator and linear shaper. In the first

section, the demodulator makes use of the sample-and-hold circuit ﬁtgﬁ:?;nsducen
(SHC) to sample the peak amplitude of the resolver signal. The control resolver: inverse-sine
signal of the SHC is provided from the resolver signals instead of the function circuit; sample-and-
excitation signal used in traditional approaches. The proposed demodu- hold circuit; switched-gain

lator requires no analogue multiplier and low-pass filter. Therefore, the fast amplifier
response time of the proposed demodulator is achieved. In the second
section, the linear shaper consists of the inverse-sine function scheme
together with a switched-gain amplifier to produce the linear signal
proportional to the shaft angle. The hyperbolic tangent characteristic of
the operational transconductance amplifier is utilised to realise the
inverse-sine function scheme. The proposed technique requires one
phase of the resolver signal to obtain the linear signal. Therefore, the
position error caused by amplitude imbalance between the two resolver
signals is avoided. The performances of the proposed converter are dis-
cussed in detail and demonstrated by an experimental implementation
using commercial devices. The experimental results show that the max-
imum relative error and response time for the excitation frequency of 3
kHz are measured as 0.06% and 0.11 ms, respectively.

1. Introduction

A resolver is a type of inductive transducer that is useful for measurements of angular displace-
ment, position and speed. The resolver is known for high reliability and can be operated in harsh
environments. Many applications of the resolver can be found in robots, military equipment,
medical equipment, electric vehicles, aerospace industry and radar (Attaianese & Tomasso 2007;
Wang, Zhu, & Zuo, 2015). The structure of a resolver comprises two secondary windings configured
at right angles from each other as the stator and the primary winding as the rotor. The primary
winding is forced by the excitation signal in sinusoidal form. Two output signals of the resolver
from the secondary windings are the amplitude modulation with suppressed carrier (AMSC), where
the amplitudes are proportional to the sine and cosine function of the shaft angle of the rotor.
Traditionally, the output signals of the resolver are demodulated by the synchronous demodulators
based on an analogue multiplier and a low-pass filter to extract the shaft-angle signals in sine and
cosine terms. The disadvantage of this technique is that the reference signal for the synchronous
demodulator is usually provided from the excitation signal. Practically, the phase shift between the
output signal of the resolver and the excitation signal is caused by the transfer characteristic of the
resolver itself. In addition, the dominant pole caused by the low-pass filter in the synchronous

CONTACT W. Petchmaneelumka @ wandee.pe@kmitl.ac.th @ Faculty of Engineering, King Mongkut's Institute of Technology
Ladkrabang; Bangkok; Thailarid

© 2018 Informa UK Limited, trading as Taylor & Francis Group
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demodulator produces a phase shift in the demodulated signal or shaft-angle signal. These phase
shifts contribute to error in the shaft-angle signal. There are several techniques to convert the
shaft-angle signal to a linear signal (Al-Emadi, Ben-Brahim, & Benammar, 2014; Attaianese &
Tomasso, 2007; Benammar, Ben-Brahim, & Alhamadi, 2004, 2005; Ben-Brahim, Benammar,
Alhamadi, Al-Emadi, & Al-Hitmi, 2008; Ben-Brahim, Benammar, & Alhamadi, 2009; Hwang, Kim,
Kim, Liu, & Li, 2011; Sarma, Agrawal, & Udupa, 2008; Wang et al., 2015). Previously, the quotient of
two quadratic signals, sine and cosine, was provided for the inverse tangent to determine the shaft
angle (Han, Zhang, He, & Shang, 2009; Mienkina, Pekarek, & Dobes, 2005; Staebler, 2000). The
closed-loop approaches based on the angular tracking observer (ATO) receive the most attention
for use in commercial devices (Szymczak, O’'Meara, Gealon, & De La Rama, 2014). However, both the
inverse tangent technique and the ATO require a high-speed digital signal processing (DSP)
system, resulting in increased complexity and large configuration. Alternately, the pseudo-linear
segment and phase-locked loop (PLL) techniques were reported in Benammar et al. (2004),
Benammar et al. (2005), Benammar, Khattab, Saleh, Bensaali, and Touati (2017), Benammar and
Gonzales (2016a, 2016b), Luki¢, Zivanovi¢, and Deni¢ (2015), Wang et al. (2015) and Yim, Ha, and Ko
(1992). The use of the PLL technique provides a loop filter that deteriorates the response time and
stability of converter. Note that the aforementioned approaches require two resolver signals with
equal amplitude. Practically, the two output signals of the resolver exhibit the amplitude imbalance
due to the non-ideal structure of the resolver. Therefore, an error is found for the determination of
the shaft angle.

In this paper, the reference signal for the extraction of the shaft-angle signal is arranged from
the output signals of the resolver instead of the excitation signal to overcome the phase shift due
to the transfer characteristic of the resolver. The phase shift due to the dominant pole, obtained by
the low-pass filter, can be prevented using the sample-and-hold circuit (SHC) in the demodulator
because the transfer function of the SHC exhibits a ‘sinc’ function and provides a similar behaviour
to a low-pass filter (Johns & Martin, 1997; Petchmaneelumka, Songsuwankit, & Riewruja, 2016). The
linear signal proportional to the shaft angle is obtained from one phase of the resolver output
signal to prevent the error caused by the amplitude imbalance. The resolver output signal in sine
term is chosen to extract the shaft-angle signal. The shaft-angle signal is converted to a triangular
signal using the inverse sine function technique proposed in Riewruja and Kaewpoonsuk (2006).
The achieved triangular signal is transformed into a linear signal by the switched-gain amplifier.
The control signal for the switched-gain amplifier is directly provided from the resolver signal in the
cosine term. As a result, the linear signal is obtained with high accuracy and fast response. The
experimental results verifying the performance of the proposed converter are given.

2. Proposed conversion technique

The principle of the resolver is depicted in Figure 1(a). The signal ve, = VE sin(wext) is the excitation
signal applied to the primary winding, where w., = 271f., denotes the angular frequency, and f., is
the frequency of the excitation signal. The resolver signals produced from the secondary windings
in the form of quadrature sinusoidal signals with amplitude balance can be expressed as

Vs1 = KrVE sin(wext — @) sin(6) (1a)

Vsy = KgVe sin(w,,t — @) cos(6) (1b)

where kg and Vg are the transformation ratio and the amplitude of the excitation signal, respectively, ¢
denotes the phase shift of the signal transferred between the primary winding and secondary
winding,“and 0. is the shaft ‘angle. Traditionally, twe_shaft-position signals,-sin(@). and. cos(8), can’be
obtained using the synchronous demodulator. Usually, the reference signal for the synchronous
demodulator|is'{provided from'the lexcitation''signal. However, the taccuracy' of 'the demodulated
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Figure 1. (a) Principle of resolver; (b) block diagram of demodulator using SHC.

signal is disturbed by the phase shift of the dominant pole in the synchronous demodulator and the
phase shift ¢. These disadvantages can be overcame using an SHC with the control signal provided
from the resolver signals instead of the excitation signal, where the control signal is laid on the peak-
amplitude position of the resolver signal. Figure 1(b) shows the block diagram of the demodulator
that consists of the SHC, the peak-amplitude finder, the summing amplifier and the full-wave rectifier.
The full-wave rectifier and the summing amplifier generate the reference signal vsy, from the resolver
signals vs; and vs,. The peak-amplitude finder arranges the control signal vsy occurred at the peak-
amplitude position of the reference signal vsy, and the positive amplitude of the excitation signal ve,.
In addition, the narrow pulse width of the control signal vsy is provided. Therefore, the SHC is forced
by the control signal vsy to sample only the peak amplitude of the resolver signal to obtain the
demodulated signal v4em Or the shaft-angle signal. The phase shift ¢ is found to be unaffected to the
control signal vsy. The simple circuit of the full-wave rectifiers and summing amplifier are depicted in
the left of Figure 2(a) (Benammar & Gonzales 2016a, Coughlim & Driscoll, 2001). However, several
schemes of the full-wave rectifier reported in Gift (2000), Gift (2002), Kumngern and Dejhan (2006)
and Monppapassorn (2013) can also be provided for the proposed technique. The peak-amplitude
finder comprises opamp Ap;, diode Dp, comparators Ap, and Aps, resistor Ry and capacitor Cy, as
shown in the right of Figure 2(a). The operation of the peak-amplitude finder can be explained as
follows. The positive voltage of the reference signal vsy, forces diode Dp to conduct, and the voltage
signal v, is raised to the peak amplitude of the signal vsy. The time constant ty = RyCy provides the
delay time to turn off the diode Dp for the signal vsy, left from its peak amplitude. The operation of
diode Dp is observed by the comparator Ap, to provide the signal vsy;. The comparator Aps is used to
investigate the excitation signal ve, to provide the logic signal vsy,, where the positive amplitude of
the excitdtion signal ¥., is répresented by logic 1’; etherwise;. itiis given by logic ‘0". The output of the
comparators Ap,.and Aps are connected together to form the ‘AND’ operation, which is used for the
synchronisation' of the'signal vl ‘With' the positive’amplitude 'of 'thel excitation'signal v /'to'génerate
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the control signal vsy. The control signal vsy is provided as the narrow pulse width, where logic ‘1" and
‘0" force the operating mode of the SHC to sample and hold, respectively. The simple configuration of
the SHC consisted of opamp Asy, analogue switch S; and capacitor Csy is shown in the bottom right
of Figure 2(a). Only the resolver signal vs, is applied to the input of the SHC to extract the shaft-angle
signal in the sine term. The operating curves of the circuits in Figure 2(a) are shown in Figure 2(b). The
output signal from the SHC, v4en, is found to provide the peak envelope of the resolver signal or the
shaft-angle signal. The shaft-angle signal v4e, is converted to the linear signal by the proposed linear
shaper, as shown in Figure 3(a). From Figure 3(a), the OTA O, is connected in feedback path of the
opamp At;. The output current iy, of the OTA O, can be expressed by a hyperbolic tangent

function as
. Va
= [g; tanh{ =—— 2
o1 = Ig tan <2VT> (2)

where lg; and V5 denote a bias current of OTA O, and a thermal voltage, respectively; v, is the
output voltage of the opamp At,. According to Equation (2), the maximum amplitude of the
current iy, must exist below the bias current /g, to prevent the operation of the OTA O, in overdrive
mode that cause the hyperbolic tangent term in Equation (2) to become an infinite value. Usually,
the output current of the OTA is close to its bias current at vo = nV4 for n = 3 (Riewruja &
Kaewpoonsuk, 2006). From circuit analysis of Figure 3(a), the relationship between the voltage vp
and the signal vgem can be stated as

vy = —2Vrtanh™! (10—1) = —2Vrtanh™' (Vdem> (3)
g1 Ig1R;

The magnitude of the voltage v, |va|, in Equation (3) is arranged to the linear operation range of
the OTA O, in the condition of |ava| < V4, where a denotes an attenuation factor. The attenuation
factor a is defined as 1/n for n = 3 by adjusting the variable resistor Ry,. Therefore, the current iy,
can be stated as

CIIBz Va

2V, (4)

o2 = —agmyvy = —

where gm, = Ig,/2Vr and I, are the transconductance gain and the bias current of the OTA O,,
respectively. The currents iy = Vgem/R3, ip = = Vp/R4 and i, are summed by the summing amplifier
comprised opamp Ar, and resistors R, — R,. Practically, the resistances R;, R, and R, are assigned to
be equal. Thus, the output signal v; of the opamp A, can be stated as

v,
Viri = — [3Vdem + algRytanh ™! < dem)} + Vp (5)
Ig1R1

where 3 = R,/R5 is a weighted coefficient, Vp denotes the dc offset voltage assigned to equal the
peak amplitude of the terms in the square brackets of Equation (5). From Equation (5), the signal
Vgem IS scaled by the factor m to prevent the OTA O, from operating in the overdrive mode.
Therefore, Equation (5) can be rewritten as

Viri = — [,Bmvdem + alngztaﬁhi1 (Tvﬁm>:| + Vp 6)
B1M1

The scaling factor m can be determined by linear approximation of the large signal behaviour of
the OTA O, at the peak amplitude of the signal vg4em as (Riewruja & Kaewpoonsuk, 2006)

VA(max)
2Vr

m = tanh

7)
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From Equation (6), the terms of Ig;R; = IgyR, are assigned; thus, the signal v,,; can be approximated
to the inverse sine function, as indicated in the Appendix, and the signal v,; can be written as

mv,
Viri = — | (a + B)Ig Rysin”! dem ) | 4. Vp (8)
Ig1Ry

The inverse sine function in Equation (8) is equal to 77/2 at the positive-peak amplitude of the signal
V4em- Therefore, the weighting coefficient 8 can be determined from Equations (6) and (8) at the
positive-peak amplitude of the signal vgen as

a(tanh~'m) — 1]

(5=m)
The dc offset voltage Vp is set equal to the peak amplitude of the term in the square brackets of
Equation (6) and can be given by

B= 9)

Ve = Ig1R1(Bm + atanh_1m) (10)

The signal v; in Equation (8) is the triangular signal or the inverse sine function of the shaft-angle
signal vgem plus the offset voltage as shown in curve (v) of Figure 3(b). Note that the resistance Rs is
redefined with the scaling factor m as R; = R;/mp to prevent the OTA O, operated in the overdrive
mode. Opamp Aqs, resistors Rs — Ry, variable resistor Ry, and analogue switch S, form the switched-
gain amplifier. If the resistances Rs — R; are assigned to equal, then the voltage gain Ay = 1/y is
obtained. The quadrant of the triangular signal vy; is rearranged by the switched-gain amplifier to
produce the linear signal v,. The operation of the switched-gain amplifier is controlled by the
analogue switch S, to convert the signal v, into the linear signal v,,. The control signal v¢ for the
analogue switch S, is provided from the comparator Ac; and the D flip flop F;. The comparator Ac;
converts the positive amplitude of the resolver signal vs, into the pulse signal v¢ that is latched by
the D flip flop F; with the control signal vsy to generate the signal vc. The output signal of the
switched-gain amplifier or the linear signal v, can be expressed as

Viri

—  for ve="0"
Vor =14 " (11)

Viri
— = for ve = "1"

4
The operating curves of the scheme in Figure 3(a) are shown in Figure 3(b). Finally, the signal vy is
converted into linear signal v, which is linearly proportional to the shaft angle.

3. Performance analysis

The performance of the proposed scheme previously described is based on the assumptions that
all devices are operated in their ideal characteristics. In practical realisation, there are three major
factors that contribute to the deviation from ideal performance of the proposed technique. The
first factor, the transfer function of the opamp in the summing amplifier, induces the phase shift
between the reference signal vsy and the resolver signals. Therefore, the position of the control
signal vsy is shifted from the peak-amplitude position of the reference signal vsy, which causes the
SHC that samples the resolver signal to miss the peak-amplitude position. This factor degrades the
accuracy of the shaft-angle signal vg4en at small amplitude of the resolver signal. The phase shift 6,
of the reference signal vsy, against the resolver signal for the resistances Rpg = Ry in Figure 2(a) can

be approximately given by
l _ Rh7 fex
0, = =tan" ' | [ ¥+ =2 12
B an K +Rh8> UGB] (12)
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where fo, and UGB denote the excitation frequency and unity gain bandwidth of the opamp,
respectively. If R,g = 5 kQ, Ry7 = 10 kQ, o) = 3 kHz and UGB = 4 MHz for the opamp LF353 used in
this paper, then the phase shift 8, of approximately —0.08° is observed. The phase shift 8, can be
minimised by using an opamp with wide UGB. The second factor, the large time constant t4 of the
peak-amplitude finder provided by the resistor Ry and the capacitor Cy, will discontinue the control
signal vsy. The time constant ty4 is dependent on the maximum speed of the resolver rotor and the
frequency of the excitation signal ve,. The optimum value of the time constant t4 can be given by

Tex

V2T
2 In |:Tm_2(\/§_‘I )Tex:|

ty = RyCy = (13)

where T,, is time per revolution (in seconds) of the resolver rotor at the maximum speed and
Tex = 1/foy. If the resolver rotor is driven at the maximum speed of 3,000 rpm (or 50 r/s) and the
excitation frequency fo, = 3 kHz is set, then the time constant ty of approximately 0.46 ms is
obtained. Therefore, the resistance Ry can be calculated as 46.23 kQ) for the capacitance C4 = 0.01
MF. The third factor, the non-ideal parameter for the approximation of the inverse sine function,
causes an error in the linear signal v,. The percentage error g, of the linear signal v, for the shaft
angle at 90° or /2 can be approximately expressed as
_2|Bm+atanh™'m 7@

€ol = @+ B) — 3] X 100% (14)

For n = 4, the factors m, a and 8 can be calculated as 0.987, 0.25 and 0.404, respectively, from
Equations (7) and (9). From Equation (14), the percentage error &, is approximately 0.012%.

4. Experimental results

The performance of the proposed technique is demonstrated by experimental implementation
using commercial devices. The active devices used in this paper consist of signal diode 1N4148,
opamp LF353, OTA CA3280, comparator LM339, analogue switch CD4066 and D flip flop CD4013.
The matched resistors provided for the proposed scheme were selectively matched better than
0.1%. The resistors are assigned as Ry, — Rp7 = 20 kQ, Ryg — Rpo = 10 kQ, Ry = Ry, = R, = 10 kQ, Rs -
R; = 30 kQ, Rs = 2 kQ and Ry; = Ry> = 1 kQ. The resolver with the transformation ratio of 0.37 is
used for this experiment. The excitation signal v, is set to 2.7 V peak amplitude with 3 kHz
sinusoidal wave for the peak amplitude of the resolver output signals of 1 V, where the period T, is
calculated as 0.33 ms. Therefore, the peak amplitude of the shaft-angle signal v4en, is equal to 1 V.
The phase shift ¢ between the resolver signal and the excitation signal of approximately 28° is
measured.

The procedures for value determinations of the offset voltage Vp, the voltage gain Ay, the bias
current lg; and the resistances Ry and Rz can be explained as follows. From Equation (7), the scaling
factor m = 0.987 is determined for n = 4. According to Equation (9), the attenuator a = 1/n and the
weighting coefficient 8 can be obtained as 0.25 and 0.404, respectively. From Equation (10), the offset
voltage Vp is calculated as -1.027 V. Practically, the voltage Vp can be varied in small range to
eliminate the offset voltage caused by the opamps Ar; and Ay, and OTAs O, and O,. The peak
amplitude of the signal vy,; can be calculated from Equation (6) as 2.054 V. The amplitude of the linear
signal v, is assigned as £5 V to allow the shaft angle to vary from 0° to 360°. Therefore, the voltage
gain A4 of the switched-gain amplifier is set to 2434 by adjusting the variable resistor Ry,. The
resistor Ry = 25.08 kQ is calculated from R; = R;/mf. Practically, the resistor Rs is in the form of a
variable resistor to allow finé tuning ofithe resistance value. The bias curreht /goris .assigned’to 100 {A.
The bias current, Ig; =, lza/m is, provided, to avoid, the OTA Q, operating in the overdrive ,mode.
Therefore, ‘the/bias curfent g1 is"calculated ‘as 10713 [uA.
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Figure 4. Experimental set-up.

In the experiment, the resolver is driven by dc motor with speed of 3000 rpm (or 50 r/s) to demonstrate
the operating waveform of the proposed converter, where the time per revolution T,, is equal to 0.02 s.
The resistor Ry can be calculated as 46.21 kQ) from Equation (13) for the capacitor C4 = 0.01 yF. Figure 4
shows the experimental set-up, where the resolver was driven by a dc motor. Figure 5 shows the
operating waveforms of the proposed scheme in Figure 2(a) to extract the shaft-angle signal v4em. The
position of the control signal vsy, is found to be at the peak amplitude of the resolver signal vs;. Only the
shaft-angle signal vgen from the resolver signal vs; is provided for the linear shaper. To verify the
performance of the proposed linear shaper, the resolver is driven with speed of 900 rpm and the offset
voltage Vp = 0 V is set. The measured waveform of triangular signal vy; and its spectrum analysis are
depicted in Figure 6. The measured magnitude of each frequency component is shown in Table 1. The
percentage error &,; at the peak amplitude of the triangular signal v,,; can be stated as

g == =11 100% (15)

where fs; and fr; denote the magnitude of the ith frequency component of the triangular signal vy
and the ideal triangular signal, respectively, and j is the maximum number of frequency compo-
nent. From Table 1, the percentage error &,; of approximately 0.02% is achieved. Figure 7(a) shows
the measured signals of the triangular signal vy,; for the offset voltage Vp = -1.024 V in the upper
trace and the linear signal v, in the lower trace. The absolute error Af. between the shaft angle
calculated from the linear signal v, and the expected shaft angle 6, of the resolver is shown in
Figure 7(b). The maximum absolute error AB, of approximately 0.014° is observed. The relative error
AB, of the shaft angle determined from the linear signal v, can be expressed in the form of

Laﬂa’ﬁuLﬂuLaﬂaﬁmamuif;amiumﬂﬁmmLwaﬂémﬂmmmu lsuauimmiﬂ/mﬂﬂwiimumumﬁm

A6 “X T00% -~ 16
lﬂﬂ’]ﬂiﬂﬂ@ﬂ%ﬁﬁu aﬂmmmﬂmmwmmaﬁm LL@EG]ENE)N@Q@\?Lﬁ]’m@ﬂL@ﬂﬁ?i%ﬂﬂiﬁ%ﬂﬂ?ﬁﬂﬂﬂiﬁﬁ (16)
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Figure 5. Measured waveforms of vs;, Vsy, Vsm, Vsy and Vgem (traces 1-4, vertical scale: 2 V/div, horizontal scale: 2 ms/div; trace
R1, vertical scale: 10 V/div, horizontal scale: 2 ms/div).
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lower trace, vertlcal scale: 100 mV/div, horizontal scale: 25 Hz/div).
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Table 1. Amplitude of frequency components.

Amplitude (rms)

Frequency components (Hz)  Ideal triangular wave (mV)  Output signal vy; for Vp = 0 V (mV)

15 586 586

45 65.11 65.22
75 23.44 23.44
105 11.96 11.86
135 7.24 7.32
165 4.84 4.88

BT
002

0.01

Absolute error (degree)

ol i

@m 1.00v chz 500V Miooms 0 45 90 135 180 225 270 315 360
(a) (b) 0 (degree)
0.1
0.08 v — ——— _— _—
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= 0.06
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Figure 7. Measured results. (a) Output signal v, (upper trace, vertical scale: 1 V/div, horizontal scale: 10 ms/div; lower trace, 5
V/div, horizontal scale: 10 ms/div). (b) Absolute error. (c) Relative error.

The plot of the relative error A8, is shown in Figure 7(c). Clearly, the maximum relative error of
approximately 0.06% is obtained. To observe the response time of the proposed converter, the resolver
signals vs; and vs, are emulated for the sudden change of the shaft angle by the AMSC signals generated
from two commercial analogue multipliers, where the carrier signals of 3 kHz and peak amplitude of 1V
are assigned. Two square-wave signals in relative phase quadrature of 5 Hz with amplitude stepped from
-0.707 V to 0.707 V are applied for the analogue multipliers as the modulation signal to represent the
shaft anglef e esplver suddenly chaniaing from 45" 40,135 e step rsstionsa gfithe lipeds sanal o
is measured, as shown in Figure 8(a,b). From Figure 8(a),.the settle time of the proposed demodulator is
e GUAFR AR OF TR BXEHOR IR B3N & TRASShbr 48 A B FHE Brepasad TFkaHHaper in
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Figure 8. Response time. (a) Response time of proposed demodulator (trace 1, vertical scale: 2 V/div, trace 2-4, vertical scale: 1
V/div, horizontal scale: 200 ps/div). (b) Response time of linear shaper (upper trace, vertical scale: 500 mV/div, lower trace,
vertical scale: 1 V/div horizontal scale: 20 ps/div). (b) Response time of linear shaper (upper trace, vertical scale 500 mv/div,
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Table 2. Comparison between proposed converter and previous works.

Al-Emadi Benammar and Benammar and Qamar et al.  Proposed
et al. (2014) Gonzales (2016a) Gonzales (2016b) (2015) converter
Response time (ms) 2 20 25 1.5 0.11
Maximum absolute error (°) 0.18 0.3 0.05 0.1 0.014
Sensitive to amplitude imbalance Yes Yes Yes Yes No

of resolver signals

Figure 8(b) is measured as 27 ps. Therefore, the response time of the proposed converter is approxi-
mately 0.11 ms. To confirm the performance of the proposed converter, two parameters in terms of the
response time and the maximum absolute error are provided for the comparison with the recent
approaches proposed in Al-Emadi et al. (2014), Benammar and Gonzales (2016a, 2016b) and Qamar,
Hatziadoniu, and Wang (2015). The comparisons are based on the measured results from the experi-
mental implementation. Table 2 shows the comparisons of the maximum absolute error and the
response time of the proposed converter and those of previous approaches. The proposed converter
clearly provides both high accuracy and fast response. In addition, the amplitude imbalance of the
resolver output signals does not affect the performance of the proposed converter.

5. Conclusion

The simple circuit technique for implementing the resolver-to-linear signal converter was described
in this paper. In the proposed technique, the position error caused by the amplitude imbalance
between two resolver output signals is prevented. The fast response time of the proposed
converter is achieved. The performance of the converter was discussed in detail and was confirmed
by an experimental implementation. The experimental results showed that the proposed converter
exhibits high accuracy and offers the advantage of low cost.
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Appendix

The terms in the square brackets of Equation (6) can be written in terms of a power series; thus, the signal v in
Equation (6) can be expressed as

X3 5 7
vm-:—[Bmvdem+aI32R2<x+?+§+7+....)} + Vp (A1)
where
X — MVdem
IRy

Assuming ks Ry = lgaRo~the signalv,,: in Equatioh (A1) can be approximated as



1534 W. PETCHMANEELUMKA ET AL.

x3 x° x’
Viri = — |:(a + B)lg1 Ry (X + Ksr? + Kst? + Ksr7 + >} + Ve (A2)
where
a
K¢ = .
T (a+B)

The power series in Equation (A2) is an odd function that corresponds to the inverse sine function:

3 5 7
Asin”(x):A(x+c3%+c5%+c7x—+ ..... ) (A3)

where

[ i=2) }
G=1l|—"= for i=3,57,....
’ E{(/Z]Jﬂ)

and A denotes a constant equal to the amplitude of the terms in the square brackets of Equation (A2) and the inverse
sine function in Equation (A3). To approximate the inverse sine function in Equation (A2), the coefficient K;; should be
slightly greater than the coefficient Cs to minimise the magnitude error between the terms in the parenthesis of
Equations (A2) and (A3) at x = 1. If the coefficients C;/i are assumed to be equal to the coefficient K. /i, fori=3,5,7,...,
then the signal vy,; in Equation (A2) can be approximated as

Viri = — [(a + B)IB1R1Sin71X} + Vp (A4)
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In this paper, a circuit technique to compensate the temperature effect in the output signal of
the linear variable differential transformer (LVDT) is presented. The realization technique is
based on the proposed feedback configuration to minimize the active component used in the
circuit. The subtraction and sum schemes are provided instead of the error detector used in the
traditional feedback loop. The feedback signal is obtained from two secondary winding signals
of LVDT. The proposed feedback technique requires only the proportional control action to
minimize the error caused by the variation of the ambient temperature. The sensitivity of
LVDT is unaffected from the proposed compensation technique. The performances of the
proposed technique are discussed in detail and confirmed by experimental implementation using
the commercial devices. The maximum percentage error can be reduced from 6.52% of the
LVDT output signal without temperature compensation to 0.05% of the proposed technique for
the ambient temperature varied from 25°C to 70°C. The purpose of the proposed technique is
emphasized in terms of high performance, simple configuration and low cost.

Keywords: Temperature compensation; inductive transducer; LVDT; opamp; analog circuit
design.

1. Introduction

The inductive transducer named linear variable differential transformer (LVDT) has
been widely used for the applications in instrumentation and measurement systems.
This is due to that the LVDT exhibits the behavior in terms of high resolution, high
linearity and durability. The main role of LVDT is provided for the measurement of
the displacement. Thus, the LVDT can be applied to measure position, level, force,
flow and pressure, which are in the fields of industries, military, vehicle, scientific and
medical equipment.' ® The structure of the LVDT is similar to transformer, which is

*This paper was recommended by Regional Editor Piero Malcovati.
*Corg,es onding author.

P

nanstiiluenarsianubidmmsumslvnuienisdinwinitu lweygnlnhlulsdselesuaunisn

lunnsailaevisau §ﬂﬁmmﬂwﬁmmaﬁLiaml%gglmsgﬂlaNa\ﬁmwaaLaﬂam@ﬁ@%@ﬁﬁmiﬂwlﬂ%



W. Petchmaneelumka et al.

consisted of a primary winding and two secondary windings. The core of the LVDT is
a movable part for sensing the displacement. Two secondary windings of the LVDT
are connected in series with opposed direction. Therefore, the output signal of the
LVDT is acquired in the form of amplitude modulation with suppressed carrier.
In tradition, the phase sensitive demodulator formed by diode and low-pass filter
is provided to detect the core displacement signal from the LVDT output signal.
The disadvantage of this method is that the large error is occurred due to the
threshold voltage of the diode. The synchronous demodulator comprised analog
multiplier and low-pass filter or analog switch and integrator can be extracted the
displacement signal without diode in the signal path.*'''® However, the use of low-
pass filter or integrator in the synchronous demodulator will degrade the response
time of the demodulator. This is due to the large time constant provided by the
dominant pole of the low-pass filter or integrator. The synchronous demodulators
mentioned above require the reference frequency from the excitation signal. How-
ever, the LVDT behavior exhibits the phase shift between the excitation signal and
the LVDT output signal. Therefore, the use of the excitation signal as the reference
signal for the synchronous demodulator is caused the error in the demodulated sig-
nal. The demodulator based on the use of the peak-amplitude finder and sample-and-
hold circuit (SHC) can minimize this error.'” However, the accuracy of the LVDT
can be disturbed by the variation of the ambient temperature from the room tem-
perature. Many recent approaches described only the demodulation technique to
achieve the linear signal proportioned to the core displacement. The self-compen-
sation techniques for the LVDT using the dummy secondary windings to compensate
the temperature effect have been presented in Refs. 7 and 8. Unfortunately, these
techniques require specific design of the LVDT structure. The core displacement
signal of these techniques is achieved by the ratio of the difference and sum of two
secondary winding signals or the ratiometric technique.”®'® Therefore, the sensi-
tivity of the LVDT demodulator scheme is decreased due to the large amplitude of
the sum of the secondary winding signals as the denominator. Another temperature
compensation technique based on the thermal sensitive device usage has been
mentioned in Refs. 9 and 10. However, this compensation technique is obtained in
narrow temperature variation range due to the behavior mismatch between the
LVDT and the thermal sensitive device. In this paper, the proposed technique based
on the subtraction and sum of the feedback loop is provided for the compensation of
the variation of the ambient temperature. The proposed technique requires the
feedback signal from the sum of two secondary winding signals of the LVDT. The
temperature effect disturbing to the amplitude of the LVDT output signal is also
affected to the amplitude signal of the sum of two secondary winding signals. The
subtraction and sum between the feedback signal and the reference signal are pro-
vided to generate the excitation signal for the LVDT. As a result, the error of the
LVDT output signal due to the temperature effect is minimized. The performance of
the proposed technique is discussed in detailed. The experimental results show that
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the maximum percentage error of the core displacement signal can be reduced from
6.25% for the LVDT without temperature compensation to 0.05% of the proposed
technique at the ambient temperature of 70°C. The good stability of the proposed
technique is obtained. The proposed scheme is very simple without requirement of
the specific devices and suitable for commercially available LDV'T.

2. Circuit Description
2.1. Principle

The operation of LVDT is same as a transformer and its equivalent circuit can be
shown in the left of Fig. 1(a). The excitation signal v.,, = Vp sin wt is assigned for the
primary winding Lp, where Vp is the peak amplitude of the excitation signal. The
excitation signal v, is induced to two secondary winding signals vg; and vgy which
can be stated as

l
Vg1 = KLZC (1 +E> Vpsin(wt—i— (bs) (1&)
and
l
Vgo = KLZC (1 - E) Vp Sln(u)t + (bs) (lb)

where K is the sensitivity of LVDT, [ is the center position of LVDT, [ is the
core position deviated from the center position and ¢g denotes the phase shift be-
tween the excitation signal v, in the primary winding and the secondary winding
signal. Practically, the amplitude of the secondary winding signals is interfered with
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,F (a) Schematic of LVDT and technique to generate the signal v, (bZL Block diagram, .
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the change of the ambient temperature. The increase of the ambient temperature will
raise the resistance of the primary winding that causes to reduce the primary winding
current. Therefore, the secondary winding signals vg; and vg, in Egs. (1a) and (1b)
are decreased and can be approximated as

l
ve = Ky lo (1 n E) (1 — aAT)Vpsin(wt + ¢g) (2a)
and
l
vy = Kilo (1 - E) (1 — aAT)Vpsin(wt + dg) (2b)

where a and AT denote temperature coefficient of LVDT winding material and
temperature deviation from room temperature at 25°C, respectively. Due to the
opposite connection of the secondary windings, the LVDT output signal v,, can be
expressed as

Vgs = Vg1 — Vgo = 2K 1(1 — aAT)Vpsin(wt + ¢g) . (3)

From Eq. (3), the amplitude of the LVDT output signal v, is inversely proportional
to the deviation of the ambient temperature. The temperature effect in Eq. (3) causes
the inaccuracy of the LVDT output signal and can be minimized using the closed-
loop configuration. However, the LVDT output signal is depended on its core posi-
tion, which is unsuitable for the feedback signal. In this paper, the feedback signal for
the closed-loop configuration is generated from the sum of two secondary winding
signals. The block diagram to generate the feedback signal from the LVDT output
signal is shown in the right of Fig. 1(a). The schematic in Fig. 1(a) can be represented
by the block diagram in Fig. 1(b). The signal v, of Fig. 1(a) can be expressed as

Vfs = —(’1)51 + USQ) = _2KLZC(1 — OéAT)VP Sin(wt + ¢S) . (4)

It can be seen that the amplitude of the signal vy, is proportional to the variation of
the ambient temperature without the term of the core displacement [. The simple
closed-loop configuration using the signal v, as a feedback signal is shown in Fig. 2.
From Fig. 2, the closed-loop gain for G; = 2K l- can be stated as
2Kp K lov arrAT
U T 2K p KK le 14 2KpKpKly ' (5)

where Kp and K denote proportional gain and scaling factor, respectively and
arr = 2aK 1o is the temperature coefficient of the LVDT. From Eq. (5), the tem-
perature coefficient « is weighted by the term of (1 + 2Kp K K1 lc). Therefore, the
temperature effect of the signal vy, is reduced. In addition, the sensitivity of the
closed-loop configuration in Fig. 2 exhibited in the first term in the right of Eq. (5) is
less than the sensitivity K}, of the LVDT itself. It should be noted that the sensitivity of
the closed-loop configuration can be increased by increasing the proportional gain Kp.

b R e L .
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Fig. 2. Simple feedback configuration.

However, the large value of the proportional gain Kp degraded the stability of the
closed-loop configuration.

2.2. Proposed temperature compensation technique

The feedback technique based on the use of the subtraction and sum is introduced to
overcome the disadvantage of the closed-loop configuration mentioned above. The
proposed feedback technique is shown in Fig. 3(a). The scaling factor Ky is provided

AT © -0

Vryef o——"'»Q—»Q G, O Vs

Ky
Verr
+ 1=V
L >()e«—— K¢
S,
(a)
AT O -a
mm—-----=-- - G (s)
! R A ey
Vref O:— 1+Kp —)O—l—»O— LtcS O st(s)
[ _T | T.s+1
: I
I Kp :
Lo = — G (s)
Vi(s) Ky
Tps+l1
(b)
Fig. 3. (a).Proposed feedback technique. (b) Minimized form of Fl% o y
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to equal the magnitude of the signals v, and v;. The closed-loop gain of the block
diagram in Fig. 3(a) can be stated as

(14 Kp)2Kplov appAT
Vs = — .
s 142K KpKle 1+2K-KpKilo

(6)

If the gain Ky = 1/2K 1 in Eq. (6) is assigned, then the signal vy, can be given by

OéLTAT

Vps = 2Kl — T+ Ky (7)

The first term in the right-hand side of Eq. (7) exhibits the closed-loop sensitivity,
which is equal to the sensitivity of the LVDT. The block diagram in Fig. 3(a) is based
on the assumption that the LVDT behavior is considered in terms of the constant
gain G = 2K 1. Practically, the LVDT behavior provides the phase lead between
the primary winding signal and the secondary winding signal and its transfer func-
tion G (s) can be approximately given by'

2KL lcS

= s+ 1)

(8)

The phase shift 67, of Eq. (8) can be expressed as
HL =90° — tan_l(wexoTC) ) (9)

where w,, = 27 f, and f,, denotes the excitation frequency. From Eq. (9), the phase
of the feedback signal vy, is led the reference signal v,;. The phase lead 0, causes the
phase shift in the error signal v, of Fig. 3(a) that reduces the performance of the
proposed feedback configuration. In the proposed feedback technique, the phases of
the reference signal v, and the signal v are assigned to be in phase. Therefore, the
phase shifter Gp(s) to provide the phase lag for the signal vy, is required. The
transfer function Gr(s) of the phase shifter can be given by

Kp

Gp(s) =———"—. 10
The time constant T can be stated as
tan 6
Tp = 7L (11)
wexo

The block diagrams of G and K in Fig. 3(a) are replaced by the transfer function of
the LVDT and the phase shifter, respectively, as shown in Fig. 3(b). It should be
noted that the sum S, the subtraction S, and the proportional gain Kp in Fig. 3(a)
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can be minimized to single summing amplifier S;, in Fig. 3(b). The closed-loop
transfer function of the block diagram in Fig. 3(b) can be stated as

_ (1+ Kp)2Kplos Vies(s)
C TeTws?+ (Te + T+ 2Kp KpKlo)s + 1
arr(Tps+1)s AT
C ToTrs? 4 (Tp +To + 2Kp KpKlo)s+ 17

Vis(s)

(12)

where T and T denote the time constants of the LVDT and the phased shifter,
respectively. From Eq. (12), if the condition of Kp = 1/2Klc and Kp > (Tp + TF)
are assigned. Then, Eq. (12) can be approximated as

Vi (s) (1+ Kp)2KlosVit(s)  apr(Tps +1)sAT
S) = —_— .
fs KPS + 1 KPS —|— 1

(13)

The operation of the LVDT requires the steady-state sinusoidal signal as the exci-
tation signal. Therefore, the operator s in Eq. (13) can be replaced by jw.y,, where
Weyo denotes the excitation frequency. The inverse of the time constant Ty in
Eq. (10), 1/T%p, is corresponded to the corner frequency of the phase shifter, which is
higher than the excitation frequency. Practically, the corner frequency of the phase
shifter in terms of 1/7T% is approximately equal to 3w, for the LVDT used in this
paper. The excitation frequency is usually in the range of krad/s and then the
magnitude of Eq. (13) can be approximately given by

- (1 + Kp)2KLl0Uref . 1.3304LTAT
a Kp Ep

(14)

If the condition of Kp > 1 is assigned, then the magnitude of the signal vy in
Egs. (7) and (14) can be approximated to equal. It should be noted that the reduction
of the temperature effect in the signal v, can also reduce the temperature effect in
the LVDT output signal vg,. The circuit of the block diagram in Fig. 3(b) can be
achieved as shown in Fig. 4. The proposed circuit comprises three operational
amplifiers (opamps) and the operation of the proposed circuit can be explained as
follows. Opamp A; and resistors R; and R, function a summing amplifier S;,. The
capacitor C is provided to prevent the instability of the proposed circuit and will be
discussed further in Sec. 3. With the capacitor C omitted, the voltage signal v,,,can
be stated as

R
Vexo = (1 + _1) (Uref - vf) : (15)
R,

From Eq. (15), the term R;/R, can be represented by the proportional gain Kp.
The output signal v, of opamp A; is applied to the LVDT as the excitation signal.
The summing amplifier S; formed by opamp A, and resistors R3; and R, is provided
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Fig. 4. Circuit of the proposed technique in Fig. 3(b).

to generate the signal vy, for the feedback path. From Fig. 4, the signal vg can be

given by
R R
Vfg = — (—RD (vs1 — vga) — (1 +—Ri>7}52- (16)

From Eq. (16), if R; = R, is assigned, then the signal vy, is equal to —(vg; + vg2).
It should be noted that the signal v, and the excitation signal v, are 180° out of
phase. From Fig. 3(a), the scaling factor K can be replaced by the phase shifter
formed by opamp Aj;, capacitor C; and resistors Ry and Rg. The transfer function of
the phase shifter can be expressed as

Vi(s) = — ok V(s (7)

(TFS + 1

where Tr = R;C, and Kp = R5/Rg are the time constant used to compensate the
phase lead 6; of the LVDT and the scaling factor, respectively. It should be noted
that the signals vy and v, are 180° out of phase. Therefore, the signals v and vy, are
in phase. The phase lag provided by the pole of Eq. (17) can be stated as

QF = —tanflweXOTF . (18)
The time constant T can be determined from the phase lead 6; and can be given by

tan 0,

TF — R501 — (19)

E€xo

Practically, the scaling factor Kr = Rj5/Rg in Eq. (17) is assigned to equal 1/2K; .

3. Circuit Performance

The performance of the proposed circuit is considered in term of stability of opera-

tion, The feedback signal vy, and the reference signal v,.¢ should be in phase to avoid
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the stability problem. The performance of the proposed scheme is limited by the non-
ideal behavior of the devices used in the scheme. There are two major factors that
contribute to the deviation from ideal performance of the proposed technique. First
factor, the phase shift between the reference signal v,; and the feedback signal v; in
Fig. 3(b) should be equal to zero or positive to prevent the unstable situation.
Therefore, the phase lag 6 provided from the phase shifter should be corresponded
to the condition of (67 + ) > 0. Practically, the term of |0| slightly less than the
term of |0;| is assigned. It should be noted that the large reminder of the positive
phase difference between the reference signal v,; and the feedback signal v, will
deteriorate the performance of the proposed scheme. Second factor, the phase
shifts of the summing amplifiers S}, and Sy also affect to the stability of the proposed
scheme. The phase shift in the summing amplifier S}, is depended on the gain
bandwidth product (GBP;) of the opamp A;. The relationship between the differ-
ence signal (v,s —vy) and the output signal vy, of the opamp A; can be approxi-
mated as

[(1+ Kp)Viet(s) — KpVi(s))], (20)

1
Veso(8) = T N
(GBP1 - 1)
where Kp = R;/R,. It can be seen that the frequency response of the summing

amplifier S;, is degraded by the large value of the proportional gain Kp. The phase
shift @, of the pole in Eq. (20) can be given by

K
0y = —tan_1< G]Déd;io) . (21)

From Eq. (21), the phase shift 6, is equal to —45° at the corner frequency of GBP/
Kp. To avoid the effect of the phase shift 6, the pole of the summing amplifier S},
in Eq. (20) should be larger than the excitation frequency w., at least one decade
and the maximum value of the proportional gain Kp can be written as

GBP,
p < .
10Wexo

(22)

If the value of the proportional gain Kp exceeds the maximum gain in Eq. (22), then
the proposed scheme is unstable. Practically, the parasitic capacitance in the pro-
posed scheme introduces to the high frequency oscillation. Therefore, the assigned
dominant pole for the summing amplifier S}, is arranged to avoid the instability of
the proposed scheme. The assigned dominant pole can be synthesized by including
the capacitor C in parallel with the resistor R;. From Egs. (15) and (20), the effect
of the assigned dominant pole to the output signal v.,, can be expressed as

Kp

Kps (RICCS+ 1) va(S) . (23)

[(1 R p)Vils) —
S 1)

Vo) = %
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Form Eq. (23), the assigned dominant pole is appeared in the feedback path. The
phase shift 6, caused by the assigned dominant pole can be stated as

o = —tan~} (R Cowe,) (24)

The phase shift 8- should be unaffected to the stability of the proposed scheme.
Therefore, the corner frequency wp =1/R;Cy of the assigned dominant pole
(R,C¢s+ 1)~ ! is chosen higher than the excitation frequency at least one decade.
Thus, the capacitance C can be given by

1

(o
¢ 10w, Ry

(25)

For the summing amplifier S¢, the voltage gain is equal to —1 and its transfer
function, S(s), can be expressed as

-1
Si(s) = TN (26)
(GB_P2 + 1>
Therefore, the corner frequency of the summing amplifier S; is equal to GBP; of
opamp A, while the phase shift ¢ of the pole in Eq. (26) at the excitation frequency

Wexo Can be given by

0 = —tan~! ((;;};2) . (27)

Practically, the gain bandwidth product GBP, of opamp A, is much greater than the
excitation signal Wey,, i.e., GBPy > w,y,. Therefore, the effect of phase shift 6 in the
proposed scheme can be neglected.

4. Experimental Results

The proposed scheme in Fig. 4 was implemented to confirm the performance of the
proposed technique. Active and passive devices used in the proposed scheme are
commercially available devices. The power supply voltages of £5V were set. The
commercial LVDT with +12.5 mm stroke range and sensitivity K, of 34.5mV/mm/V
was used for the experiment in this paper. The reference signal v, was set to 1V
peak-to-peak amplitude with 5 kHz sinusoidal wave. Thus, the peak amplitude Vp of
the reference signal v, is equal to 0.5 V. The commercial opamp LF353, consisted of
two opamps in the same package with GBP = 3 MHz, was used for opamps A;—As;.

The resistors Ry = Ry = Ry = 5k{2 were chosen. The measured waveforms of the
LVDT sum signal v, and the excitation signal v.y, are shown in Fig. 5, where the phase
lead 60, between the LVDT sum signal v, and the excitation signal v.y, can be mea-
sured as 18°. From Fig. 5, the peak amplitude of the signal v¢, of about 1.46V was
measured and provided to determme the LVDT center position /. Thus, the parameter
Kilc of the LVDT in Eq. (4)is equal to 1.46. From Eq. (4) the LVDT center position l¢
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Fig. 5. Measured waveforms: upper trace v, and lower trace vy,.

was calculated as 42.319 mm for AT = 0. The proportional gain Kp was determined
from Eq. (22) as Kp = 60. Therefore, the resistor R; = 300 k2 was calculated from
Eq. (15). The voltage gain Kp =1/2K;l- was set to 0.34. Consequently, the
resistors Ry and Rg were set to 3.4 and 10k(2, respectively. The capacitor C| was
calculated from Eq. (19) as C} = 3.04nF. The capacitor Cy can be achieved by
Eq. (25) as Cp = 10.6 pF. Figures 6(a) and 6(b) show the plots of the percentage
error of the signal v, and the offset voltage in the signal v, at the core position I = 0
for the ambient temperature varied from 25°C to 70°C, respectively. From Fig. 6(a),
the maximum percentage error of the uncompensated signal can be reduced from
—9.25% to —0.13% at the ambient temperature of 70°C. From Fig. 6(b), the offset
voltage in the signal v;, can be reduced from —1.97 mV for the uncompensated signal

Ok
0 0 ozw\m

0.02

-0. -2
\\ 0 0 o uncompensated — \\
-0.04 \ -4 -0.6 ¢
-0.06 | \ \\ -6 \“\
'\ .
-0.08 -8 \D\
X -10 e o o o uncompensated k
o012 \ 12 s o o o compensated \D\

-4— o o o compensated \ ﬂ\
-0.1
014 ) ) ) ) ) 14 i I i I I I I

25 30 35 40 45 50 55 60 65 70 25 30 35 40 45 50 55 60 65 70
temperature (°C) temperature (°C)

(a) (b)

percentage error (%)
percentage error (%)
offset voltage (mV)

v

Fig. 6. (a) P;ercentag;e error of thel,signai vy, (b) Offset voltage in the signal v%[ at [ :I 0 mm.
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Fig. 7. Percentage errors of the signal vg,. (a) Without compensation. (b) Using the proposed technique.

to —0.18 mV for the compensated signal. The output of the proposed scheme was
connected to the LVDT peak-amplitude converter proposed in Ref. 17 in order to
measure the peak amplitude of the LVDT output signal vg,, also called the core
position signal, with the ambient temperature varied from 25°C to 70°C. The plots
of the percentage error of the LVDT signal v,, are shown in Figs. 7(a) and 7(b) for
uncompensated and compensated signals, respectively, where the core is varied in full
range +12.5mm. It is evident that the maximum error of the LVDT signal v, at
70°C can be reduced from 6.25% of Fig. 7(a) to 0.05% of Fig. 7(b). The experimental
setup and the prototype of the proposed scheme are shown in Figs. 8(a) and 8(b),
respectively. To verify the proposed scheme performance, two commercial devices

(a)

Flg 8. .(a) Experimental setup. (b) Prototype of proposed scheme.,,
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(b)
Fig. 8. (Continued)

Table 1. Comparison between proposed technique and commercial devices.

LVDT without LVDT with built-in ~ Proposed
compensation AD598 conditioner technique
Maximum percentage 6.52% 1.95% 0.89% 0.05%

error at 70°C

were operated at the ambient temperature of 70°C to compare the maximum per-
centage error of the core displacement signal with the proposed technique. The first
device was the industry-standard LVDT signal conditioner, AD598, where the core
displacement signal was achieved using ratiometric technique.'® The second com-
mercial device was the high performance LVDT with built-in signal conditioner.
Table 1 shows the maximum percentage error of the core displacement signal for the
proposed technique and those of the mentioned devices. It can be seen that the
proposed technique provides an adequate performance for LVDT application in high
temperature environment.

5. Conclusion

Temperature compensation technique for the LVDT transducer has been presented
in this paper. The proposed feedback technique requires the subtraction and sum

configuration instead, of the traditional summing amplifier. The feedback signal .
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is provided from the sum of two secondary winding signals of the LVDT. Therefore,
the temperature effect is significantly reduced. The sensitivity of the proposed
scheme is close to the sensitivity of the LVDT. The performances of the proposed
scheme were discussed in detail. Experimental results confirming the performances of
the proposed scheme are also included.
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demodulator formed by a diode and a low-pass filter was used to demodulate the displacement
signal from the LVDT signal. The disadvantage of this method is that the large error due to
the threshold voltage of the diode oceurs. Y To overcome this error, the analog multiplier and
low-pass filter formed as the synchronous demodulator can demodulate the displacement
signal without a diode in the signal path. The use of a low-pass filter in traditional approaches
deteriorates the response time and stability of the demodulator. Recently, the use of a sample-
and-hold circuit (SHC) instead of the analog multiplier and low-pass filter in the synchronous
demodulator is more attracted "' The SHC provides the transfer characteristic in terms
of the ‘sinc’ function, the behavior of which is close to an ideal low-pass filter.® Thus, the
use of the SHC in the synchronous demodulator can remove the high-frequency components
of the LVDT signal to achieve the displacement signal without disturbing the performance of
the demodulator. The reference frequency used for the synchronous demodulators mentioned
above is provided by the excitation signal. Practically, the phase shift between the excitation
signal and the LVDT signal occurs owing to the structure of the LVDT. This phase shift
causes the error in the demodulated signal. In addition, the output signal of the LVDT can
also be interfered by the variation in ambient temperature. The aforementioned approaches
are achieved only with the demodulator without temperature compensation. Therefore, the
applications of the LVDT for a high-temperature environment are avoided. There are two
recent approaches using dual secondary windings in the LVDT structure for the compensation
of the temperature effect. !> Unfortunately, both approaches require a specific design of the
LVDT structure; such approaches are unsuitable for commercial purposes. Alternately, the
approach based on the ratiometric technique has been proposed.(16> This approach requires the
analog multiplier, the analog divider, and the synchronous demodulator, which deteriorates the
response time and system stability. In addition, the aforementioned approaches are unsuitable
for embedded systems and smart sensors used in a smart factory owing to the complicated
topology of the signal conditioner. In this paper, the proposed feedback technique is introduced
for the minimization of the temperature effect. The feedback signal is provided by the sum
of two secondary winding signals, which obtains a constant amplitude signal. The proposed
feedback scheme provides a proportional-plus-integral control action to reduce the error due to
the ambient temperature variation. Moreover, the error caused by the phase shift is prevented
because the reference frequency is directly achieved from the secondary winding signals. The
proposed scheme is attractive in terms of simple configuration and low cost.

2. Circuit Description

The simplified diagram of the LVDT is depicted in the dash-line block of Fig. 1(a). The
LVDT output signal is obtained from the difference between two secondary winding signals.
If the signal vey = Vpsinweyt is applied to the primary winding, where wey = 27/, and £ is the
excitation frequency, then the two secondary winding signals vg and vg; can be written as

!
Vsl = KLlc(l + 7)(1 — aAT)Vp SiIl(a)e);f + @3 i (la)
G

wnansiidwenasianubidmsunslvnuiionmsfnwimu lweugalnilvlydsslesuniunisen

[V Y [V
@

lunsallagrsau Snvinudiludawdasilon waznesedaiuarvetenarsynasminisinluly



Sensors and Materials, Vol. 30, No. 10 (2018) 2173

Vam | peak-amplitude
finder

samgle
& hold va

i
|
|
i
|
i pR———
|
|
|

______________

®
Fig.1. (a) Principle of proposed technique and (b) block diagram.

I
vso = Kzlc(1 - l_)(l — aAT)Vp sin(weyt + ¢s), (1b)
¢

where K is the sensitivity of the LVDT, /- is the center position of the LVDT, / is the core
position deviating from the center position, a is the temperature coefficient, AT is the
temperature deviation from the room temperature of 25 °C, and ¢y denotes the phase shift
between the primary winding signal and the secondary winding signals. The LVDT output
signal v, is the difference between the two secondary winding signals vg; and vg» and can be
expressed as

Vg =Vg] — Vg2 = ZKLl(l = Q’AT)VP sin(wext + ¢5 ) (2)
It can be seen that the amplitude of the LVDT signal v, in Eq. (2) is proportional to the core

position / and the variation in ambient temperature, A7, From Fig. 1(a), the sum voltage vs,» can
be stated as

Veum = —(vs1 +vs2) = —Ks (1 — aAT)Vp sin(weyt + ¢s), (3)

where Kg=2K;/~. Note that the signals v; and vy, ate 180° out of phase. The signal vy, in Eq. (3)
is directly proportional to the change in ambient temperature without the core displacement /.
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To compensate for the temperature effect, the positive-peak amplitude of the signal v, is
converted to the dc voltage v, and compared with the reference voltage vy.r as shown in Fig.
1(a). The operation of the proposed technique is based on the assumption that the period of the
excitation frequency is much less than the change in ambient temperature. The peak-amplitude
finder provides the control signal for two SHCs to sample the positive-peak amplitudes of the
signals v, and vy to the signal v, and the displacement signal v, respectively. The voltage v,
is attenuated by the attenuator Krto provide the signal vras the feedback signal. From Fig. 1(a),
the reference voltage v,rand the voltage vrare provided for the difference and sum to obtain the
signal v,, for the voltage-controlled amplifier 4,,,;. For steady-state operation, the voltage vris
forced to equal the reference voltage vz The signal vy, is scaled by the signal v;, to provide
the excitation signal ve, for the LVDT. The signal ve, is the difference between the signals v s
and v which is processed by the block diagram K, to add with the reference voltage v,or The
relationship of the signals vy, v, and vycan be expressed as

Vi = Vyer + Ki(vrer —vy). “)

From Fig. 1(a), the signal v, is provided with constant amplitude and frequency. The
diagram in Fig. 1(a) with the temperature effect can be simplified as shown in Fig. 1(b), where
K, is the voltage gain of the voltage-controlled amplifier A,,; and a, = aKs. The signal v,
against the reference voltage vyerand the variation in ambient temperature AT can be stated as

KnKs(1+ K1) g
ks 1+ K1KiKnKs Vref 1+ K1KfKnKs ©
Ifthe gain Krin Eq. (5) is assigned to equal 1/K;, Ky, then the signal v, can be expressed as
Xy
Vg = KmKS Vref — i K1 AT, (6)

For the proposed technique, the block diagram X is replaced by the integrating amplifier.
Therefore, the signal v, of the difference and sum with integral action can be expressed as

Vref(s)“‘/f(s)

Tos @)

Verr(8) = "'ref(s) =

where T denotes the integral time of the integrating amplifier. Therefore, the voltage v, inEq. (6)
can be rewritten as

a; T8

va(s) = KpKs Vref(s) = 1+ T

AT(s). )

The circuit diagram of the proposed technique in Fig. 1(b) is shown in Fig. 2. The operation
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________________ 1 peak-amplitude finder

summing amplifier

&=

Fig.2. Circuit of proposed technique.

of the proposed circuit in Fig. 2 can be explained as follows. The LVDT output signal vz and
the signal vy, are summed using the summing amplifier formed by the opamp 4> and the
resistors Ry and R, to provide the signal vy,,.® The peak-amplitude position of the signal
vaun 18 detected by the peak-amplitude finder that consists of the comparators Ac1 and 4¢o, the
transistor O, the capacitance Cp, the variable resistor Ry», and the resistors Rp, Rs, and R¢. The
peak-amplitude finder generates the control signal v¢ in the form of narrow pulse that forces the
SHCs A4y and A4, to sample the peak amplitudes of the signals v, and v, to the voltages v, and
va, respectively. The sampled signal v, is attenuated by the variable resistor Ry and the opamp
Ajs to provide the feedback voltage vy= Ky, At room temperature (25 °C), the feedback signal
vris equal to the reference voltage vy The opamp Ay, the capacitance Cy, and the resistances
Ry and R, form the difference and sum with integral action. The resistance R, is provided to
prevent the unstable operation of the opamp 4; due to its parasitic capacitances. The output
voltage v;, of the opamp 4 can be given by

[ﬂc s + 1]
sy = R RD[Ri + Ry) J e B is) )
W Ry RiCrs+1) O RiRaCrs 4 1) 0

Practically, the resistance R; is assigned to be much greater than the resistance R;. Thus, Eq. (9)
can be approximated for > 0 as

(R1Cys + l)v ()= 1
RiCrs "% B

vi(s) = ve(s). (10)
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The voltage v, is fed to the voltage-controlled amplifier A,,,; to scale the amplitude of the signal
vsin. Therefore, the signal v, of the proposed circuit in Fig. 2 can be stated as

& R1Crs

va(s) = KnKs vres(s) — ﬂTlczs)

AT(s). (1)

From Egs. (8) and (11), the integral time 77 is equal to R{C}. It can be seen that the first term
on the right-hand side of Eq. (11) exhibits the sensitivity of the LVDT without interference by
the proposed feedback technique. The proportional-plus-integral action occurs only in the
second term on the right-hand side of Eq. (11). It can be seen that the effect of the variation in
ambient temperature AT is eliminated by the integral action. In addition, the core position /
can be extracted from the positive-peak amplitude of the LVDT output signal v, in the form of
the displacement signal v by using the SHC A ® Therefore, the temperature effect in the
displacement signal v is also avoided.

3. Circuit Analysis

The ideal performance of the proposed circuit can be disturbed by the nonideal characteristic
of devices used in the proposed scheme and the sampling rate of the SHC. The circuit analysis
of the proposed scheme can be explained as follows. For the peak amplitude finder, the control
signal v can be discontinued by the inappropriate value of the time constant 7p = RpCp. To
prevent the discontinued pulse of the control signal v¢, the time constant 7r is assigned as
(Tex — Tp), where T, and T, denote the period of the excitation frequency and the acquisition
time of the SHC, respectively. From Fig. 2, the positive-peak amplitude of the voltage vy, is
equal to Ks¥p. The voltage vep is fallen to the voltage KV psin[(1/2)x — (27T Ity)] in the period
of (Tex — T,) after the peak-amplitude position of the voltage vsu». Thus, the time constant Tp
can be stated as

12

[ Tex— 4Tg
sin 2Tex e

To minimize the ripple voltage of the SHC output, the pulse width of the control signal v
is set to equal the acquisition time 7;, of the SHC and provided by the time constant Ty = RsCp.
From Fig. 2, the resistor Rsis used to convert the collector current 7 of the transistor O; to the
voltage signal vps. The comparator Ac» and the variable resistor Ry» are provided for shaping
the signal v, to the control signal vc. The collector current icq of the transistor O is allowed to
flow through the capacitor Cp and the resistor R p, which can be expressed as

Toy — AT,
Vop [1 — sin(%)] Cp
ex
ic1= s (13)
Tq
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where Vp denotes the peak amplitude of the voltage signal vs,,,. The voltage across the resistor
Rs is equal to ic1Rs or (Voo — Vop). Therefore, the relationship of the time constants Ty and T
can be given by

(Vee —Vor) Ty

. Tex— 4Tq '
VOP [l — 8in ('TH*) ﬂ]

Tw =RsCp = (14)

If T, = 6.5 ps, for = 5 kHz, Vop =292V, Ve =12V, and Cp = 0.1 pF, then the resistances
Rp and Rs can be calculated as 92.16 and 9.7 k<, respectively. For stability consideration,
the transfer function Fsy(s) of the SHC can be approximated using the first-order Padé
approximation for the sampling time 7z, as™™

o Texs

_ (—%s + l)
(1 +Tsys) (Tex

Fsu(s) = :
L 1)(T3Hs £ 1)

as)

where Ty and T, denote the response time of the SHC and the period of excitation frequency,
respectively. Figure 3 shows a block diagram of Fig. 2 including the nonideal characteristics
of active devices used in the proposed scheme. From Fig. 3, T, and 7,, are time constants
of the opamp A4, with unity gain and the response time of voltage-controlled amplifier A,
respectively. The time constant T, of the opamp A, is equal to 1/GBP, where GBP is the gain
bandwidth product of the opamp A4>. Note that the time constants 7;,, 7;,, and Tsy are much
less than the period of the excitation frequency. Therefore, the transfer function of the proposed
scheme in Fig. 3 can be approximated as

7,
Eg(-=2L5+1)

Vyef G—r ki Km ™ 2
+ [@est]) (2”5“3-+—1)(2”51r.[.<f+1)(T’TJr s+1)
I+ %: vy "
f

Fig.3. Block diagram of Fig. 2.
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2
KnKsK f Tox

2
TEJC
@, T8 [(Tm + Ty — > s+1
- AT (s).

KKK/ T
(s %M)S+KmKSKf

[(T1 = &)s + I]KmKS

vals) = vref(s)

(T] = )S + KmKS Kf

(16)

Practically, the feedback gain Ky is assigned as 1/K,Kg. Also, the degree of change in
ambient temperature is much lower than the excitation frequency. Then, the zeros of the second
term on the right-hand side of Eq. (16) satisfy the condition of (7}, + Ty, — To/2)e0| << 1 and Eq. (16)
can be approximately given by

-

(Tz—%)s+l

a,Trs

T.
(T[—%)S‘Fl

From Eq. (17), the condition of 7 > T../2 is assigned for stability consideration. The steady-
state behavior against the signal v s for K, = 1 can be given by

va(s) = Vyes(s) — AT(s). an

ve = Ks Vref = ZKLZCVref- (18)

It can be seen that the amplitude of the signal v, is only dependent on the sensitivity of the
LVDT. Ifthe change in ambient temperature, A7, is considered, then the derivation of the signal
v, against the temperature A7 can be written as

a; T8

(T[—%)S+1

va(s) = AT(s). (19)

Practically, the change in ambient temperature, A7, is slow against the excitation frequency,
and the time constant 77 is much larger than the period 7. of the excitation frequency f to
prevent the phase shift caused by the sampling signal of the SHC. Therefore, Eq. (19) can be
approximated as

a, 178
vals) = Tl“sj TAT(s). (20)

The integral time 77 can be determined as 77 > 107.,. From the circuit in Fig. 2, the settling
time Ty for the sudden change in ambient temperature, AZ, can be measured from the interval

time of the maximum change in the signal v, to decrease to 0.1% and can be given by
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voltage v, of the SHC Ay is equal to the peak amplitude of the signal v, because the sampling
signal vc occurred at the peak-amplitude position of the signal vey,. To verify the temperature
performance, the LVDT was operated under the varying ambient temperature from 20 to 70
°C and the varying core position of the LVDT from —10 to 10 mm. The relative error of the
measured results in percentage can be expressed as

relative error(%) = @ % 100%, (22)

where Al denotes the error between the measured and actual values. The temperature effect
in the core displacement signal v, without temperature compensation is shown in Fig. 5(a).
Figure 5(b) shows the measured results of the core displacement signal with the temperature
compensation. It can be seen that the proposed technique can reduce the maximum relative
error from 6.52 to 0.098%. Figure 6 shows the drift of the offset voltage of the output signal vy

12 - - - 012
: 000 20 °C aaa 60 °C
P mmm40°C wew 70 °C
ooo 50 °C

-
8
& 6 3
5 g
o o
B 4 =
kS k
& 2 3

0 002 | prssseasm ........ 000 20 °C aaa 60 °C -

: : : mEm 4 oC see 70°C
P : i i 4 : : non 50 °C
-10 5 0 5 10 -10 5 0 5 10
{ (mm) { (mm)
@ (b)

Fig.5. Measured results. (a) Without temperature compensation and (b) proposed technique.
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Fig. 6. Offset voltage against variation in ambient temperature.
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against the variation in ambient temperature from 0 to 70 °C at the core position of 0 mm. From
Fig. 6, the maximum drift of the offset voltage of about —0.12 mV is observed.

5. Conclusions

A technique to reduce the error of the LVDT signal caused by the variation in ambient
temperature has been proposed. The effect of the change in ambient temperature was discussed
in detail. The proposed technique required the integral action to reduce the error caused by the
change in ambient temperature. The proposed circuit was implemented using commercially
available devices. The performance characteristics of the proposed circuit were discussed and
confirmed by experimental implementation. It is evident that the proposed scheme provides
adequate performance for the applications of the LVDT in an environment with a highly
fluctuating temperature such as a steam control valve, a power turbine, a nuclear reactor, a
flight control actuation system, a variable area nozzle for aircraft, and an automotive active
suspension system.
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Accurate LVDT Signal Converter

W. Petchmaneelumka, K. Songsuwankit, V. Riewruja

Abstract — 4 novel technique to implement a signal converter for an inductive displacement
transducer, a linear variable differential transformer (LVDT), is proposed in this paper. The
technique is based on the use of the proposed peak-amplitude finder and the zero-order sample
and hold circuit (ZSH) instead of the synchronous demodulator used in traditional approach. The
advantage of this technique is that the phase shift due to the dominant pole of the low-pass filter
used in the traditional synchronous demodulator is avoided. Therefore, the fast response time of
the proposed LVDT signal converter is achieved. The core displacement signal, which is varied in
proportion to the position of the moving core of the LVDT, is accurately extracted to direct-
current (DC) voltage signal. The reference signal used to generate the control signal for the ZSH
is directly provided by the output signal of the LVDT to prevent the phase shift caused by the
LVDT structure. Performances of the proposed technique are discussed in detail and confirmed by
the experimental demonstration using commercial devices. The purpose of the proposed technique
is emphasized in terms of high accuracy, fast response, simple configuration and low cost.
Copyright © 2016 Praise Worthy Prize S.r.l. - All rights reserved.

Keywords: LVDT, Zero-Order Sample and Hold Circuit, Peak-Amplitude Finder, Charge
Amplifier, Signal Converter, Synchronous Demodulator

Nomenclature Vol Demodulator output signal
. Vp Output voltage of opamp A4,
¢ Attenuatlor} factor Vs1 Voltage signal of secondary winding Lg,
B Voltage gain parameter Vo Voltage signal of secondary winding Lg,

Ad, Phase shift of peak amplitude finder
Ab, Phase shift between voltage signals v, and v,

0, Position of rising edge L Introduction

: Position of falli
ff E?rsétrl(;rr;gl azcltLiZ{g Veﬁl%z Linear wvariable differential transformer (LVDT)
8; Error of held voltage transducer plays an important role in instrumentation and
9, Phase shift between primary winding and measurement systems. The advantages of LVDT

secondary winding

transducer are evident in the terms of high linearity,
sensitivity and durability [1]-[3]. Many applications of

Z; ii;ii;?}igigi;n voltage signals vs) and v, LVDT Fransduf:er can be founq in the field . of
fon Excitation frequency engineering, industries, sc1'ent1'ﬁc gnd medical
kt' Sensitivity of LVDT equipment. Most of these applications aim to measure
/ LVDT core position deviated from null position displacement, position, level, flow, for.ce and p ressure
Lot Null position of LVDT core [1.]_[6.]' The LVDT structurf: comPprises a - primary
t Acquisition time winding 'and two secondary windings Where the core is
T, Period of excitation frequency the moving part used tf) sense thg C!lspla;ement. The
UGB Unity gain bandwidth operat'lon of LV.D"IT requires an excitation 51gna'l applied
14 Average voltage between voltage signal v, and to primary _Wmd“?g' TW.O secondary - windings are

negative saturation voltage of opamp 4 connected in series .w1th . opposeq configuration.
V., Positive peak amplitude of voltage signal v, jherefore, the LVDT s1gnal. is the (ﬁfference of two
vy Threshold voltage of diode D, 51gna.ls from seconflary w1.nd1ngs in the form .of
v, Peak amplitude of excitation signal amplnlt.ude ' modulatlor} with suppre'ssed carrier.
% DC offset voltage Traditional 1mplerpentat10n of the LVDT S{gnal converter
V‘*’ ' Negative saturation voltage of output opamp 4 to extract a core displacement signal exploits an envelope
v"“” Input signal for peak amplitude finder detector, formed by diode rectifier and low-pass filter [3].
V: Reference signal for charge amplifier However, this t_echnique exhibits a large error on the core
vy LVDT signal dhlsplacem?nF signal at a small magnitude of the LVDT
v Held voltage of ZSH signal. This is due to the threshold voltage of diode used
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in the envelope detector. To prevent the error mentioned
above, the LVDT signal converter based on a
synchronous demodulator should have more attention.
Usually, the technique to realize a synchronous
demodulator is based on the use of analog multiplier and
low-pass filter [4], [6]-[9]. An alternative form of a
synchronous demodulator based on analog switch and
integrator is presented in [10], [11]. The configurations
of these approaches do not present the diode in signal
path. Thus, the inaccuracy caused by the threshold
voltage of diode is prevented. However, the response
time of these approaches is deteriorated because of the
large time constant caused by the dominant pole of the
low-pass filter. In addition, the low-pass filter and the
excitation signal used for these approaches are assigned
for the specific frequency. The deviation from the
specific frequency of the excitation signal will cause an
erroneous operation. It is known that the “sinc”
weighting function indicated in the transfer function of a
zero-order sample and hold circuit (ZSH) provides a
behavior like a low-pass filter [12]. The control signal of
the ZSH is provided in form of a narrow pulse signal
positioned at the peak amplitude of the LVDT signal. If
the LVDT signal is applied to the ZSH where the control
signal is set to be synchronized with the excitation signal,
then only the peak envelope of the LVDT signal is
achieved at the output of the ZSH. The merit of this
technique is that the low-pass filter is unrequired. This
principle can be found in recent approaches [13]-[18]
that provide the control signal for the ZSH directly from
the excitation signal. Unfortunately, the accuracy of these
approaches is disturbed by the phase shift between
primary winding and secondary winding of the LVDT
that causes the control signal for the ZSH missed the
peak position of the LVDT signal. It should be noted that
the large pulse width of the control signal of the ZSH
will cause a ripple on the resulting signal. Therefore, a
low-pass filter is required so that the response time of the
converter will be increased. In this paper, a method to
implement an accurate LVDT signal converter is
described. The proposed LVDT signal converter provides
a simple circuit configuration using commercial available
device. The realization technique is based on the use of
ZSH where the control signal of the ZSH is directly
provided by the LVDT signal using the proposed peak-
amplitude finder to prevent the phase shift between
primary winding and secondary windings. Also the pulse
width of the control signal for the ZSH is assigned to
narrow to avoid the use of a low-pass filter. Therefore,
the proposed configuration obtained shows high accuracy
and a fast response. Moreover, the proposed technique
can also be provided to replace the traditional
synchronous demodulator used in the measurement and
instrumentation systems.

II.  Circuit Description
II.1.  Principle
A simplified schematic diagram of LVDT is depicted

Capynght © 2016 Praise Worthy Prize S.r.l. - All rights reserved

in Fig. 1(a). The voltage signal v,, is the excitation signal
applied for the primary winding Lp, v,, = Vgsinwt.

The secondary winding signals v and vs, can be
simply written as:

Vs = k¥ (L 1) sin(wt-p,) (1a)

and:
VS2 = ktVE (Zrmll +1)Sin (wt_(pp) (1b)

where Vg is the peak amplitude of the excitation signal
Ver, ki 18 @ sensitivity of LVDT, /,,; and / denote the null
position and the core position deviated from null
position, respectively, ¢, is a phase shift between the
primary winding and the secondary winding.

From 1(a) and 1(b), the LVDT signal v, can be stated
as:

Vg =V —Vg = 2k Vil sin (a)t—(pp) )

If Vg is constant, then the amplitude of the LVDT
signal v, depends on the core position /. In tradition, the
synchronous demodulator using an analog multiplier is
employed to extract the core position signal as shown in
Fig. 1(b). The demodulator output signal v,; can be given
by:

V= k,VEl[cos ¢, + cos (Zwt—(pp )} 3)

From (3), the second term in the square bracket is
removed by a low-pass filter to obtain the core position
signal.

analog low-pass  zero and span

multiplier filter amplifier

(b

Figs. 1. (a) Simplified diagram of LVDT,
(b) Traditional LVDT signal converter
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There are two disadvantages of the traditional LVDT
signal converter using the synchronous demodulator.

Firstly, the dominant pole caused by low-pass filter
will deteriorate the response time of the converter.
Secondly, the phase shift ¢, will cause an inaccuracy of
the core position signal.

11.2.  Proposed LVDT Signal Converter

The block diagram of the proposed LVDT signal
converter is shown in Fig. 2(a).

The proposed converter provides a simple
configuration obtaining high performance. From Fig.
2(a), the difference amplifier is used to provide the signal
v, by the LVDT signal v, and the signal vg,.

The signal v, is applied to the proposed peak
amplitude finder as the reference signal to obtain the
control signal v¢ for the ZSH. The voltage signal v, can
be stated as:

v, = 255~ (vss = vs1) = k Vil sin(0t=0,)  (4)

The signal waveforms of v, and v, are shown in curves
(i) and (ii) of Fig. 2(c), respectively.

Usually, the control signal for the ZSH can be simply
obtained by the excitation signal [6]. However, the
disadvantage of this technique is that the position of the
control signal for the ZSH depends on the magnitude and
the frequency of the excitation signal. In addition, the
large pulse width of the control signal will cause the
ripple at the resulting signal.

Therefore, the low-pass filter is required for the recent
technique to eliminate the ripple. From Fig. 2(b), the
signal v, is applied to the proposed peak amplitude finder
as a reference signal to generate the control signal for the
ZSH.

The proposed peak amplitude finder is achieved using
the behavior of a charge amplifier.

An operational amplifier (opamp) 4, and capacitors C,
and C, form a charge amplifier where the voltage across
capacitor C, is limited by the diode D;. It should be
noted that the voltage gain of the charge amplifier is
equal to (1+C,/C)). The voltage V; is an average voltage
between the voltage signal v, and the negative saturation
voltage of the output stage of opamp A4,, which can be
expressed as

G G
v, +
(G +GC) " (G+C)

Vl = (Vnsat - VD) (5)

where V,, and Vp denote the positive peak amplitude of
the voltage signal v, and threshold voltage of diode D;,
respectively, V., is the negative saturation voltage of the
output stage of opamp 4.

The voltage signal v, exhibits a result of the voltage
signal v, limited off a negative part determined by the
voltage ¥ as shown in curve (iii) of Fig. 2(c), which can
be given by:

Copyrlght © 2016 Praise Worthy Prize S.r.l. - All rights reserved

for v, >V}
Vp = (6)
4 for v, <1

Opamp A4; provides the output voltage v, for the
voltage signal v, greater than the limited voltage V; of
the voltage signal v,. Consequently, the output voltage v,
of opamp 4, can be written as:

(H%)(V V)V Torv, >V
v, = 1 (7

|4

nsat fOI‘ v(l S I/]

The output voltage v, of opamp 4, is attenuated with
the factor a, where o = R,/ (R, + R;), adjusted by the
variable resistor R,,. Therefore, the peak-amplitude
position of the voltage signal v, can be determined by
comparing the voltage signals av, and v, using the
comparator 4,. Such comparator 4, generates the output
voltage vc to control the action of the ZSH SH, for
holding the LVDT signal v, at the position of the peak
amplitude or the quarter cycle.

The pulse width of the signal v should be narrow to
avoid the ripple on the output signal of the ZSH by
adjusting the factor a to an appropriate value. The control
pulse vc is set to logic “1” for av, > v, otherwise “0”, as
shown in curve (iv) of Fig. 2(c). For the core position in
“+” range, the control pulse v¢ forces the ZSH SH, to
hold the positive peak amplitude of the LVDT signal v,
as the held voltage v, shown in the right of curve (v) of
Fig. 2(c). For the core position in “—” range, the LVDT
signal v; and the voltage signal v, are 180° out of phase.

Therefore, the control signal vc is occurred at the
negative peak amplitude of the LVDT signal v, As a
result, the core displacement signal or the held voltage v,
is obtained by the negative envelope of the LVDT signal
v, as shown in the left of curve (v) of Fig. 2(c). It can be
seen that the phase shift ¢, occurred in the LVDT signal
v, 0f (2) and the reference signal v, of (4) are the same.

Therefore, the resulting signal is unaffected by the
phase shift ¢,. It can be seen that the offset voltage is
occurred at the core position / = 0. Therefore, a zero and
span amplifier is provided for scaling and zeroing the
held voltage v, to a desired signal v, as shown in curve
(vi) of Fig. 2(c).

The circuit diagram of the proposed LVDT signal
converter is shown in Fig. 3. The proposed circuit
consists of four general-purpose opamps and a
comparator. Opamp A3 forms a voltage follower forcing
the voltage signal v,, to be equal to the voltage signal v,.

Opamp A,, resistors R; and R, form a difference
amplifier and the voltage signal v, can be stated as:

R R
v, = 1+—2]v52 ——z(vsz —VSI) 8)
( R R,

Internatzonal Review ofElectrzLal Engmeermg Val 11,N. 3
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I difference
amplifier

proposed
peak amplitude

finder
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L,

Vi Vo

> ZSHI——» >——0

zero and span
— amplifier
(a)
Va avy
+ Vp + Ve
41 /I;

Tl LT

(b)

TANDNNANDNN,
U

4 “w o
i u+n
—

:a'

FARVAN DN
VAT

A

"

Figs. 2. (a) Block diagram of proposed LVDT signal converter,
(b) Proposed peak-amplitude finder, and (c) Operating waveforms

If the resistances R, and R, are set to equal, then the
voltage signal v, can be written as:

v, = (vs1 +Vs2) = KV gl sin (0t =, ©)

Capyrzght © 2016 Praise Worthy Przze S.r.l. - All rights reserved

Va =

_ _i» _________ OV
- Vi

Fig. 3. Circuit of proposed LVDT signal converter

The voltage signal v, is the reference signal used to
generate the control signal vc by the proposed peak-
amplitude finder formed by opamp 4;, comparator A,,
diode D, variable resistor R,,, resistor Rs, capacitors C,
and C,. The ZSH SH, formed by analog switch SW; and
capacitor C;, is forced by the control signal v¢ to hold the
peak amplitude of the LVDT signal v,.

It should be noted that logic “1” and “0” of the control
pulse v¢ will force the operating mode of the ZSH SH, to
“sample” and “hold”, respectively. Thus, the held voltage
vy, is proportional to the core displacement /, where the
held voltage v, is equal to 2kVzl. Opamp As, variable
resistor R, resistors R3 and R4 form a zero and span
amplifier with high input impedance.

The held voltage v, is scaled and zeroed to the core
displacement signal v, as a desired range of operation by
a zero and span amplifier. If R4 >> R,, then the output
signal v, can be approximately given by:

R \2k Vel R,V
v, = 144 |20 B0 T4 8 (10)
R) B KB

[nternanonal Review ofElectrlcal Engmeermg Val 11,N. 3
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where 0 < f < 1 is a voltage gain parameter and V,
denotes DC offset voltage used to eliminate the residual
voltage of the LVDT at null position.

III. Performance Analysis

There are three factors disturbing the performance of
the proposed LVDT signal conditioner. The first factor is
due to the phase shift Ag, of the voltage signal v, against
the voltage signal v,. This phase shift Af, is caused by
the peak-amplitude finder. Usually, the transfer function
of an opamp can be approximated to first-order system
[19], [20]. Thus, the phase shift AG, can be given by:

C +C
A0, = —tan™ (C+G) fuu (11)
¢, UGB

where f;. and UGB are the excitation frequency and the
unity gain bandwidth of opamp, respectively.

If C, = 0.001uF, C, = 0.01uF, f,. = SkHz and UGB =
4MHz, then the phase shift A6, of about —0.78° is
observed. The phase shift A6, causes the position of the
control pulse v shifted from the peak-amplitude position
of the LVDT signal v; at 90° to 90.78° for the core
position in “+” range. Also, the position of the control
pulse vc is shifted from —90° to —90.78° of the negative
peak amplitude of the LVDT signal v, for the core
position in “=” range. The second factor is due to the
wide pulse width of the control pulse v that forces the
ZSH SH; to hold the LVDT signal v, after the quarter
cycle position of the LVDT signal v,.

Therefore, the held voltage of the ZSH SH, is less than
the peak amplitude of the LVDT signal v;. To minimize
the mentioned above error, the pulse width of the control
pulse v¢ is assigned to meet the acquisition time #,. of the
ZSH SH, [21]. The relationship between the factor a and
the acquisition time #,. can be expressed as:

v, sin {90{1 - 2IH
T

‘= k(Vap—Vl)+V (12

nsat

where k£ = (1 + C,/C)) denotes the voltage gain of the
charge amplifier and 7,, = 1/f,,. By the experimental
implementation, the parameters in (12) can be defined as
Jox = SkHz, k=11, V, = 2.28V, V,, = 2.92V and V. =
—3.52V. If the acquisition time #,. of the ZSH SH, is
measured as 1.8us, then the factor a of about 0.83 is
observed. The factor o can be obtained by adjusting the
resistances R, and R}, of the variable resistor R,,.

The position of rising edge 0, and falling edge 6 of
the control signal vc against the LVDT signal v, can be
given by:

%
0, = sin” {M}Mu (13)
(ak-1)7, '

Copyrlght © 2016 Praise Worthy Prize S.r.l. - All rights reserved

and:

0, =180°+2A0, -6, (14)

From (13) and (14), the position of rising edge 6, and
falling edge Oy are about 90.11° and 91.45°, respectively.

The falling edge of the control pulse v¢ forces the
ZSH SH, to hold the LVDT signal v, at the position of 6,
= 91.45°. The percentage error & from the actual value
of the held voltage v, caused by the position of the falling
edge 6, can be expressed as:

g = (sin6, —1)x100% (15)

For 6 = 91.45°, the percentage error & can be
expected as —0.03%. It can be seen that the held voltage
is lower than the peak amplitude of the LVDT signal v,,.

The third factor is due to the phase shift between the
voltage signals vs; and vs,, which causes the phase lead
on the voltage signal v, against the LVDT signal v,.

Phase different A6, between the peak amplitude of the
voltage signals v, and v, can be given by:

A, =90°—tan™" 2t (16)
|{| sin o,

where ¢; is the phase shift between the voltage signals vy,
and vg. If the core of LVDT moves to the maximum
position / = +12.5mm, /,, and ¢, are measured as
42.319mm and 1.617°, respectively, then the phase
different A6, is about 0.24°.

From (14), the position of falling edge of the control
pulse v¢, against the LVDT signal v, is moved forward
from @, to (0, — A6,). The percentage error &, of the held
voltage v, of the ZSH SH, due to the effect mentioned
above can be given by:

& =[sin(ef—A9S)—1}x100% (17)

If 6, = 91.45° and A6, = 0.24°, then the percentage
error & of about —0.02% is obtained.

IV. Experimental Results

The proposed circuit in Fig. 3 was breadboarded to
demonstrate the circuit performance using commercially
available devices such as opamps LF351, comparator
LM339, signal diode 1N4148 and analog switch
CD4066. The printed circuit for the prototype of the
proposed circuit and the experimental set up are shown in
Figs. 4(a) and 4(b), respectively. The power supply
voltages were set to £5V. The excitation signal was
assigned to SkHz sinusoidal wave of 1V peak amplitude.

The passive devices used in the proposed circuit were
chosen to be R; = R, = Ry = 100kQ, R; = IMQ, Rs =

Internatzonal Review ofElectrzLal Engmeermg Val 11,N. 3
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2kQ, R, = Ry = 5kQ, C; = 0.001pF and C, = C, =
0.01uF. The LVDT transducer used in this paper was
+12.5mm stroke range and sensitivity of 69mV/mm/V at
SkHz (OP12.5G from Solartron Metrology).

The voltage gain of the span and zero amplifier is set
to 1.45 for the sensitivity of the proposed circuit of
100mV/mm/V by adjusting the variable resistor R,.

The DC voltage V, is set to eliminate the offset
voltage of the output voltage v, at null position.

The acquisition time ¢,. of the ZSH SH; of about 1.8us
was measured. From practical implementation, the
negative saturation voltage V,,, of opamp A; and the
phase shift ¢, were measured as —3.52V and 1.617°,
respectively. The peak amplitude of the voltage signal v,
was measured as 2.92V and used to calculate the LVDT
null position from (4) as [,; = 42.319mm. Signal
waveforms of the proposed LVDT signal converter are
shown in Fig. 5. It can be seen that the phase shift
between the voltage signals v,, and v, is about 18°.

To observe the linearity of the proposed circuit, the
signal of the amplitude modulation with suppressed
carrier, where the carrier or the excitation signal was set
to sinusoidal wave of 5kHz with peak amplitude 1V and
the modulation signal of sawtooth wave with amplitude
swept from —0.69V to 0.69V, was used instead of the
LVDT signal varied from —10mm to 10mm.

(@)

()

Figs. 4. (a) Prototype of proposed circuit, (b) Experimental set up

Copyright © 2016 Praise Worthy Prize S.r.1. - All rights reserved
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Fig. 5. Signal waveforms of v.., v4, Vs, and v,
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Figs. 6. (a) Signal waveforms of v, vc, v, and v,,
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Fig. 6(a) shows the waveforms of the held signal v,
the voltage signal v,, the control pulse v¢ and the LVDT
signal v, for the modulation signal of 450Hz sawtooth
wave. The output signal v, and its error voltage are
shown in Fig. 6(b) for the modulation signal of 25Hz
sawtooth wave.

D W\
Chl_5.00V__Ch2 10.0V
Ch3_500mvV 500mV

Fig. 7. Dynamic response

Output voltage (V)

I(mm)

(@)
04

error voltage (mV)

ves

P ; ; ; ;

I(mm)

(®)

Fig. 8. Measured results: (a) Transfer characteristics,
(b) Error voltages of v, and v,
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The worst-case error of about —0.25mV at the output
signal v, equal to —1V, corresponded to the core position
at —10mm, is observed. The step response of the held
voltage v, for the modulation signal of 10Hz square wave
with peak amplitude 0.345V, corresponded to the core
position stepped from —Smm to Smm, is shown in Fig. 7.
From Fig. 7, the response time of the held signal v, is
settled within quarter cycle of the reference signal v,.
Fig. 8(a) shows plot of DC transfer characteristic of the
output signals v, and v, versus the core position / varied
in full range £12.5mm.

From Fig. 8(a), the sensitivity of the proposed circuit
can be measured as  68.88mV/mm/V  and
100.02mV/mm/V for the output signals v, and v,,
respectively. The error of the output signals v, and v,
from expected value are shown in Fig 8(b). It can be seen
that the worst-case errors of the output voltages v, and v,
for the core position / at —12.5mm are about —0.22mV
and -0.28mV, respectively. It is evident that the
proposed LVDT signal converter exhibits a superior
performance for instrumentation and measurement
systems.

V. Conclusion

A high performance LVDT signal converter has been
described in this paper. The realization method is based
on the use of the proposed peak-amplitude finder to
provide the control signal for the ZSH to extract the core
displacement signal. The performances of the proposed
LVDT signal converter were discussed in detail and
confirmed by experimental implementation.

The results indicate that the proposed scheme obtains
high accuracy and a fast response.
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Abstract: This paper presents a linear range extension technique for the linear variable differential transformer
(LVDT). The technique is based on a signal conditioning circuit using the analog lookup table, which provides very
high resolution of resulting signal. The analog table which is obtained by the triangular signal generator, which has the
frequency equal to the excitation frequency. Meanwhile, the referenced signal is obtained by the comparison between
the excitation signal and the output signal of LVDT. It is used to synchronize with the triangular signal. The proposed
technique is simply circuit configuration and it can be implemented using available commercial devices. The
experiment shows that the performances of the proposed circuit can be extended from the normal operating range of
LVDT to the maximum stroke range. In addition, the response time of the proposed techniques can be approximated as

half period of the excitation signal.

Keywords: LVDT; OPAMP; analog lookup table; linear range extension.

1. INTRODUCTION

Linear variable differential transformer (LVDT) has
been proposed by G.B Hoadley since 1940, which plays
an important role in instrumentation and measurement
systems until now. It is usually used for measuring
displacement, position, acceleration, level, pressure,
flow, and other physical quantities [1]-[6]. The
advantages of LVDT are high resolution and durability
[7]. The LVDT structure consists of two secondary
windings which are located on two sides of a primary
winding. The operation of LVDT requires sinusoidal
excitation signal employed to the primary coil. The two
secondary windings are connected in series with oppose
configuration for providing the different AC output,
depending on the displacement of the core. If the core
placed at the center, it will produce zero voltage output.
Thus, the synchronous demodulator has been required to
detect both magnitude and direction of the core
displacement signal [1], [4], [8]-[17]. However, the
stability in operation of the synchronous demodulators
which mentioned above is worsening due to the
low-pass filter, producing the delay time effect. In
contrast, the demodulator in [8],[12] — [16] has been
used in the sample-and-hold circuit (SHC) which can be
substituted for the low pass filter. Furthermore, the
phase shift between the excitation signal and the output
of LVDT is appeared causing the LVDT structure [16].
As a result, the detection of core displacement has an
error; therefore, the proposed technique in the literature
[16] has been used in this paper.

The relationship between the moveable core and the
demodulated signal is linear within the region of a
primary winding, thereafter it becomes nonlinear. The
operating range of commercial LVDT is linear about
25% of its maximum stroke range. Manny researchers
proposed many solutions to compensate or to extend
the linear range of LVDT. It can be classified into two
methods, namely, modified LV DT, structure and specific

978-89-93215-15-1/18/$31.00 O ICROS
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signal conditioning. The literature [18] presented the
technique to modified LVDT structure. However, the
disadvantages of this technique were inconvenient and
unsuitable for general application because it required
the specific design for LVDT structure and its linear
range is still dependent on the structure length of LVDT.
For this reason, the large structure is executed. Then the
installation in embedded system or small areais limited.
In the past decade, the extension of linear range using
the artificid neural network (ANN) was proposed
[19]-[20]. Nevertheless, they require more time in
computation processes due to the conversion of analog
to digital signa and the complexity of ANN. The
response time of this technique depends on the
microprocessor’s speed. In addition, the microprocessor
or other equipment to implement these algorithms is
quite expensive. This paper presents the linear range
extension of LVDT using analog lookup table, which is
implemented by the available commercia devices.
Accordingly, the linearly output of the full stroke range
of LVDT is obtained and its response time can be
approximated to two cycles of the excitation frequency.

2. CIRCUIT DESCRIPTION
2.1 Principle

A clarified schematic diagram of LVDT is
demonstrated in the dashed-line block of Fig.1(a). The
excitation signal v, =V, sinot is applied to the
primary winding, while the secondary windings are
connected in series configuration and opposite direction.
Therefore, thesignal v, and v, can be written as[1]

VSlzktV@((Inull —I)Sin(a)t—(o) (1a)

and

Vg, = K Vg (Inu” +1 )Sin(a)t—go) (1b)



wherek, is the sensitivity of LVDT, V. is the peak
amplitude of the excitation signal v, |, and | signify
the null position and the position differed from null
position respectively, ¢ isthe phase shift between the
signal in primary winding and secondary windings.

From equation (1a) and (1b), the LVDT signal v,
can be expressed as

Vg = (Vg —Vsz) = 2k Vgl Sin(wt - ) (2)

In the case of kV, is constant, subsequently the
amplitude of the LVDT output signal v, depends on
the core position | . However, the EQ.(2) represents the
relationship between the LVDT output and the core
displacement at the linear range, approximating 25% for
the commercial LVDT. For the rest, it turns into
nonlinear. For the full-stroke range of LVDT, the output
signal can be stated as [19]-[20]

Vg = kVed -k 1%)sin(at - ) )
where k is the nonlinear coefficient. As mentioned
above, the output signal v, needs the demodulator to
produce the demodulated signal v,,,, expressing the data
of the core displacement both amplitude and direction.
The demodulator was proposed in the literature [16] has
been used in this paper and demonstrate the simplified
diagram in Fig. 1(a). Hence, the demodulated signal can
be expressed as

Vim = ktva(l (- knI 2) (4)

We define the values of the core displacement| in Eq.(4)
for full-stroke range from -1 to 1 and assign k and k,

equals to 1 and 0.01, respectively. Therefore, the
transfer characteristic of the LVDT can be illustrated in
Fig. 1(b). It should be noted that the response is in the
form of sine function. Its linear range is obtained
between -0.25 and 0.25.

=

Vam

Demodulator ——O

core
L]
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Linear
range

A

Displacement /
y
A

0.25

1 025, 1

Demodulated signal v,

(b)
Fig.1 (a) Schematic diagram (b) The response of LVDT.

2.2Linear range extension technique

A method to extend the linear range of LVDT in this
paper is based on the synchronization between the
demodulated signal corresponding to the core
displacement and the triangular signal which produced
by the excitation signal. A simplified block diagram of
the proposed technique is illustrated in Fig. 2(a).
Meanwhile, the proposed circuit is shown in Fig. 2(b).
A phase of the excitation sinusoidal signal is shifted to
90° by the integrator circuit which established from the
resistor R, capacitor C and opamp A, .Similarly, the
cosine signal has been achieved when the sine signal is
an input of the integrator. Thus, the output signal v,
can be expressed as

®)

The graph (i) of Fig. 2(c) show the excitation signal v,
and signal v, . The square wave signal V, is produced
from signal v, by using the comparator A, , illustrating in
graph (ii) of Fig 2(c). The triangular signa V,,

synchronizes with the signal v, as shown in curve (iv) of
Fig 2(c). This signal can be generated by the integrator
circuit formed by opampA,, resistorsR,, R,and
capacitor C,.The output signal from the integrator is
transferred to the SHC. The comparator A is applied to
compare the excitation signal and the core displacement
signal of LVDT. Its output must be the logic signal V.,
which can be stated as

"1" for [Vgem| > |Vex|
VC

(6)

"0" fOr |Vyem| < |Vex|

wherev,, . is the demodulated signal of LVDT output
corresponded with the core displacement and its
magnitude is scale to identical the magnitude of
triangular signal.
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Theraising edge of the logic signal V. isused to force
the monostable MN to generate the one-shot control
signal v, for SHC. The waveform of the control signal
is shown inrgraph (iii) of;Fig. 2(e). The SHC,is applied
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to sample the triangular signal which is conformable to
the linear signal and hold it to the output. As a result,
the output signal v, is achieved and its response is linear
relative to the core displacement through the full-stroke
range of LVDT as demonstrated in curve (v) of Fig.
2(c). It can be seen that the operation of the proposed
circuit can be called an analog lookup table [21].

3. EXPERIMENTAL RESULTS

To verify the performances of the proposed technique
in order to extend the linear range of LVDT using
analog lookup table, the proposed circuit in Fig. 2(b)
was breadboarded using commercially available devices
for example, comparator LM339, opamp LF353,
monostable CD4528, analog switch CD4066, capacitor
C, = 1InF, capacitor C, = 47nF, resistor R = 10kQ,
resistor R,= 10kQ and resistor R,= 20kQ. The supply
voltage of +10V is prepared for this experiment. The
commercial LVDT used in this paper was +15mm linear
range and its sensitivity is 59mV/mm/V (S015.0 from
Solartron Metrology). However, the maximum stroke
range of +22mm is provided for this LVDT. The
excitation signal was applied to the primary coil as 5
kHz sinusoidal wave of 2Vpp. The demodulator in
literature [16] was used in this experiment and a phase
shifted between the excitation signal and the LVDT
output is about 18°. The 10 Hz sinusoidal signal with
the peak 1V is applied instead of the core displacement
signal v, to verify the proposed circuit performances.
Finally, the time constant of the one-shot timer MN is
set to 2 ps. The signal waveforms of the operating of the
proposed circuit in each case is shown.in Fig 3(a).
Meanwhile;l ethel | cormparison U betieen 11thé 2 Fcore



displacement signal and the output signal Vv, is
demonstrated in Fig. 3(b). It can be seen that the
proposed technique can extend the linear range of
LVDT greater than 200%. Fig. 4 shows the plot of the
output signal versus the variation of the this LVDT core.

Stop f i ] J
[ ]
2 '
aV\!u:!u:!%u!u‘!;!‘,!;!_!;!‘

Ch1_2.00V__|Ch2_1.00V__|M_100us] A Chl 7 —160mV
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@
Tek Stop [ 1} ] |

Ch1_500mv__ |[df¥# S00mV__ |[M4.00ms] A Ch2 S -270mV

v 5.96000ms |

(b)

Fig. 3 (a) Operating waveforms
(b) Input- and output response
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4. CONCLUSION

The paper presents the technique to extend linear
range of LVDT using analog look up table which is
based on the synchronization between the core
displacement and the triangular signal. For this reason,
the response time of the proposed technique is very fast
and its accuracy is very high. The proposed technique
can extend the linear ranges of commercial LVDT more
than 90% of full-stroke range. The proposed circuit
performance is confirmed by  experimental
implementation. In addition, the proposed circuit is a
simple configuration and low cost due to the using of
commercially available devices.
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Abstract—A technique to extend the operating range of the
linear variable differential transformer (LVDT) is presented in
thisarticle. Therealization method is based on the analog lookup
table achieved by the ramp signal generator where the frequency
of ramp signal is equal to the excitation frequency. Therefore, the
resolution of the resulting signal is very high. The output signals
of the LVDT are provided to generate the reference signal to
synchronize with the ramp signal. The proposed technique can
extend the operating range of the LVDT from a normal operating
range provided by the specification of the LVDT to maximum
stroke range of the LVDT. The circuit of the proposed technique
is simple and can be implemented using the commercial devices.
The experimental results confirmed that the circuit performance
are good agreement with the expected results. The response time
of the proposed technique is about two periods of the excitation

frequency.

Keywords—LVDT; OPAMP; lead network; analog lookup
table; linear range extension

|. INTRODUCTION

A linear variable differential transformer (LVDT) is one of
the inductive transducers used to measure the displacement.
Many applications can be found in field of engineering,
industry, medical and scientific equipment, which are used to
measure position, level, flow, force and pressure [1]-[6]. The
advantage of the LVDT is that the LVDT provides its
behaviorsin the terms of high resolution and durability [7]. The
LVDT structure is similar to the transformer which consists of
two secondary windings and one primary winding. Two
secondary windings are connected in series with opposite
direction. Therefore, the output signal of the LVDT is the
different signal between two secondary windings. The core of
the LVDT is the moving part used to measure the
displacement. The LVDT requires an excitation signal for its
operation. To detect the core displacement signal, the
synchronous demodulator, is required [1], [4], [8] — [17]. The
disadvantage of the synchronous demodulators mentioned
above is that the stability in operation of the demodulators are
deteriorated due to the delay time caused by the low-pass filter.
The use of a sample-and-hold circuit (SHC) in the literature
[8], [12] — [16] can avoid using the low-pass filter in the signal
path. In addition, the phase shift between the excitation signal
and the LVDT output signal is occurred owing to the LVDT
structure [16]. This phase shift causes an error in the
demodulated signal or the core displacement signal, which can
be overcome using the technique proposed in the literature

[16]. The operating range of the commerciad LVDT is
approximated 25% of its maximum stroke range. To obtain the
wide linear range operation, the large structure of the LVDT is
achieved. Therefore, the applications of the LVDT in the small
area or embed system are limited. There are two techniques to
extend the linear range of the LVDT, modified LVDT structure
and specific signal conditioner. The approach based on the
modified LVDT structure was presented in the literature [18].
This approach requires specia design for the LVDT
configuration that is unsuitable and inconvenient for genera
applications. However, the linear range of the LVDT of this
technique is still dependent on its structure length. Recently,
the technique based on the use of the artificial neural network
(ANN) is presented [19] — [20]. Unfortunately, this technique
require a high performance microprocessor and the response
time is depended on the speed of the microprocessor. In this
paper, the linear range of the LVDT can be extended using the
analog lookup table. The proposed technique provides the
response time of about two cycle of the excitation frequency.
The linear range of the LVDT can be extended from normal
range to the maximum stroke range.

Il. CIRCUIT DESCRIPTION

A. Principle

The secondary windings of the LVDT are connected in
opposite direction as shown in Fig. 1(a). If the excitation
signal Vex = VeSinwt is applied to the primary winding, then
the signals vs and v can be expressed as [1]

Vg = kVey (Inut —I)sin(a)t—(p) (1a)
and
Vgo = ktVeX(Inu” +|)sin(a)t—(/)) (1b)

where Iy is the null position of the LVDT, | is the core
position deviated from null position, ki and ¢ denote the
sensitivity of the LVDT and phase shift between the signal in
the primary winding and the secondary winding, respectively.
The LVDT output signal vy can be given by

Vg = (V2 — Ve ) = 2k Vo sin(wt — ) 2
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The LVDT output signal vq in Eg. (2) isvalid from the core of
the LVDT varied of about 25% of the full-stroke range. The
LVDT output signal vqr for the full-stroke range of LVDT can
be expressed as[19] —[20]

Var = ktvexl (- knI 2) sin(ot — @) (3

where k, is the nonlinear coefficient. The LVDT output signal
ver of Eq.(3) can be demodulated using the technique proposed
in the literature [16]. Then the demodulated signa Vam from
the signal vy can be stated as

Vam = kiVod (1=K, %) @

From Eq. (4), the transfer characteristic of the LVDT for the
full-stroke range | = £1 is shown in Fig. 1(b) where k; and ki
are set to 1 and 0.01, respectively. It can be seen that the
transfer characteristic in Eq. (4) is in the form of sinusoidal
function. The linear range of the LVDT in Fig. 1(b) is
approximated in the range | = +£0.25.

Fig. 1. (&) Schematic diagram (b) the linear range of the LVDT

B. Linear Range Extension Technique

A technique to extend the linear range of the LVDT in this
paper is based on the comparison of the core displacement
signal and the sawtooth signal generated from the excitation
signal. A block diagram of the proposed technique is shown in
Fig. 2(a). From Fig. 2(a), the phase of the excitation signal is
lagged to in phase with the LVDT output signal. The phase
shift signal is converted to a square signal by the comparator
Az. The sawtooth signal is generated from the output signal of

the comparator A, by the integrator. The LVDT output signal
is demodulated to the core displacement signal where its
magnitude is scale to equa the magnitude of the sawtooth
signal. The comparator A; is used to compare the magnitude of
the core displacement signal with the shifted signal. The
output signal of the comparator can be stated as

L1 for [Vyem| > [ |
Ve = ©)
0" for [Vgem| < |V |

The output signal Vc forces the one-shot timer to generate a
control signal veon for the sample and hold circuit (SHC). The
SHC is forced to hold the signal voltage from the sawtooth
signal that corresponds to the linear signal. The operation of
this technique can be called an analog lookup table [21]. The
schematic diagram of the proposed technique is shown in Fig.
2(b). The operation of the proposed circuit in Fig. 2(b) can be
explained as follows. The phase of the excitation signal is led
by lead amplifier formed by an operational amplifier (opamp)
A4, a capacitor Cy, a resistor R, and variable resistors R,. The
phase lead 4 and its voltage gain A. can be expressed as

0, =—tan "ty R,C, (6)
and
1
A = )
(a)ezx RZC3 + 1)

The graph (i) in Fig. 2(c) shows the lead signal vi.. The
demodulator used in this paper was proposed in the literature
[16]. The demodulated signal veem Or the core displacement
signal is compared with the lead signal v by the comparator
A; to generate the control signal for the SHC. The positive
edge of the pulse from the comparator A; forces the one-shot
timer to generate the control signal vcon for the SHC as shown
in the curve (iii) of Fig. 2(c). The lead signa v. is shaped to
logic signal V, by the comparator Az as shown in the graph (ii)
of Fig. 2(c). The integrator is provided from opamp As,
resistor R; and capacitor C; to generate the triangular signal
synchronized with the lead signal. The raising edge of the
signal V, forces the one-shot timer MN, to generate the reset
signal vis. The signal visisthe reset signal for analog switch S,
which is used to reset the output signal viv of the integrator to
zero voltage. Therefore, the integrator generates the triangular
signal vy for the low level logic of the signal vis as shown in
the graph (iv) of Fig. 2(c). The equal amplitude between the
core displacement signal vgen and the lead signal v are
investigated by the comparator A;. Therefore, the SHC is
forced to sample the voltage from the rising edge of the
triangular signal vpv. It can be seen that the output signal v, of
the SHC islinearly proportioned to the core displacement over
the maximum stroke range of LVDT as shown in the graph (v)
of Fig. 2(c).
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I1l. EXPERIMENTAL RESULTS

The proposed circuit in Fig. 2(b) is constructed using
commercial devices such as opamp LF353, comparator
LM339, analog switch CD4066, one-shot timer CD4528,
capacitors C; = C, = C = 0.01uF, variable resistor R=10 kQ
and resistors Ry = 100kQ and R, = 10kQ. The LVDT
demodulator of the literature [16] is used to detect the core
displacement signal. The supply voltage of +10V and the
excitation signal of 5kHz with 1V peak amplitude are
provided for this experiment. The commercial LVDT of
+12.5mm linear range with 69mV/mm/V is used. It should be
noted that this LVDT provides the full stroke range of about
+15mm. The phase lead between the excitation signal in the
primary winding and the secondary winding of about 18° was
measured [16]. To synchronize the output signa of the LVDT
and the excitation signal Ve, the phase of the excitation signal
is shifted by lag network to the signal vi.. To verify the circuit
performance, the core displacement signal Veem is replaced by
the sinusoidal signal with the frequency 10Hz and peak
amplitude 1V. Fig. 3(a) shows the operating curves of the
proposed circuit in Fig. 2(b). The output signal v, for the
variation of the core is shown in Fig. 3(b). It should be noted
that the linear rang of the LVDT can be extended more than
200%. The plot of the measured results using the commercial
LVDT for the full stroke rangeisshownin Fig. 4.

wnanstduenansianubdmsunislvnuiionisnwinitu lueygislmiluladssleguniunisen

lunsdllagisdu anviemudilndauUasiden LLWQQNS\%’?@LmsuaaLaﬂmﬁm@%f@ﬁﬁﬂﬁﬁﬂﬂh



o g - l 1

Chi. IZ.DOV ' Cch2 ' 1;].0\4'” M 1.00.}15 -
ch3 2.00v 10,0V

@

b d

? 7]

£ Vg oo g

‘__ \ *

I VAR, S |

Sl 500mv Chz 500mV  M4.00ms

(b)

Fig. 3. () Operating curves (b) output response

1
0.8
0.6
0.4
0.2

0

-0.2
-0.4
-0.6

valtage v, (V)

08k A ST RS ST ORI
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IV. CONCLUSION

The linear range extension technique for LVDT has been
presented. The technique is based on analog lookup table
which is obtained by the ramp signa generated from the
excitation signal. The linear range can be extended to full
stroke range of the commercia LVDT used in the experiment.
The circuit implementation is simple and low cost. The
experimental results confirmed the performance of the
proposed circuit are included. The accuracy of the proposed
circuit is high over the operating stroke range.
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Abstract—A circuit technique to demodulate a signal from a
linear variable differential transducer (LVDT) is introduced in
this paper. The proposed LVDT demodulator consists of the
frequency doubler and the sample and hold circuit (SHC). The
sum of two output signals of the LVDT is used as the reference
signal instead of the excitation signal used in the traditional
synchronous demodulators. The reference frequency is
provided for the frequency doubler obtained by the phase-
locked loop (PLL) to generate the control signal for the SHC.
The frequency doubler generates the control signal for the
SHC to sample the LVDT signal at the peak position. As a
result, the output signal from the SHC is accurately achieved
and linearly proportional to the moving core of the LVDT. The
realization technique determines the LVDT signal at one-
fourth period of the excitation signal. Therefore, the response
time of the proposed circuit provides in a quarter of the
excitation signal. The circuit configuration of the proposed
scheme is simple and low cost. Performances of the proposed
demodulator confirmed by experimental results are also
included.

Keywords- linear voltage different transformer;
conditioner; amplitude detector; sample and hold circuit

signal

I. INTRODUCTION

Linear variable differential transformer (LVDT) is an
important devices for measurement of displacement.
Applications of LVDT can be found in the field of
engineering, industries, military, scientific and medical
equipment [1] —[6]. The superior behaviors of LVDT exhibit
in terms of infinite resolution and robustness. The LVDT is
formed by transformer with one primary winding and two
secondary windings. There are two types of LVDT, four
wires and five wires. Four-wire LVDT consists of two
secondary windings connected in opposite direction while
five-wire LVDT provides a wire connected from the
conjunction of two secondary windings. The LVDT requires
an excitation signal for primary winding and then the output
signal of LVDT is the difference of two secondary windings
signals. The LVDT output signal is directly proportioned to
the core position, which is in the form of amplitude
modulation with suppressed carrier. In the past, the phase-
sensitive demodulator based on half bridge or full bridge
rectifier is used to detect the core-position signal [1]. The use
of diode in the signal path provides the large error owing to
the threshold voltage of the diode. To avoid this error, the
synchronous demodulator based on the analog multiplier is
introduced [1] — [3]. The approaches mentioned above
require the low-pass filter to remove the high frequency
component. The disadvantage of these approaches is that the

dominant pole caused by the low-pass filter provides the
large time constant for the demodulator. Therefore, the
applications of LVDT using these synchronous demodulator
are affected to the stability problem. Moreover, the phase
shift between the excitation signal or carrier signal and
LVDT output signal is occurred owing to the characteristic
of LVDT which caused the error in the demodulated signal
or the core displacement signal [1]. Recently, the
demodulator based on the use of sample and hold circuit
(SHC) is more extended [4] — [6]. This is due to the fact that
the behavior of the SHC in term of ‘sinc’ function can
remove the carrier signal without affected to the phase of the
core displacement signal [6]. The control signal for the SHC
is obtained from the peak-amplitude finder that provides the
control signal lay on the peak position of the LVDT output
signal with narrow pulse width [6] —[7]. Therefore, the error
due to phase shift mentioned above is prevented. In addition,
the fast response time of this technique is achieved owing to
the demodulator excluded the low-pass filter. Usually, the
peak-amplitude finder is consisted of resistor and capacitor
time constant to generate the narrow pulse width which is
complicated to determine the value of resistance and
capacitance. In this paper, a frequency doubler using phase-
locked loop (PLL) technique is used to investigate the peak-
amplitude position of the LVDT output signal. The merit of
the proposed technique in this paper exhibits in simple
configuration and low cost. Performance of the proposed
technique is confirmed by experimental implementation
using commercial available devices.

II.  CIRCUIT DESCRIPTION

A. Operation of LVDT

The simplified configuration of LVDT depicted in Fig. 1
can be similarly explained as the transformer. There are one
primary winding L, and two secondary windings Lg; and L.
The excitation signal Ve, = V,sin({t) is used to apply to the
primary winding L.

Figure 1. Simplified configuration of LVDT.
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It causes that the secondary windings Lg; and Lg, generate the
signals Vg and Vg, respectively, depended on variation of
core position from the reference position. The secondary
winding signals Vg, and Vg, can be expressed as

Vg1 = KV, (b 0 DIsin(St 0z )] (1a)
and Veo =KV, (I - DISin(¢t 0z )] (1b)

where V,is the peak amplitude of the excitation signal Ve, K
is the sensitivity of LVDT, |, and | are the null position or
the reference position of LVDT and the core position,
respectively, 75 is the phase shift between the primary
winding and the secondary windings. The output signal of
LVDT vy or the difference of two secondary winding signals
can be stated as

Vg =V, 0vg =2kV,Isin(dt 0 ) ()

If k and V, are the constant values, the amplitude of the
output signal vy of LDVT is directly proportional to the core
position | of LVDT.

B. Proposed LVDT demodulator

Five-wire type of LVDT is employed in this approach.
Fig. 2 shows block diagram of the proposed LVDT
demodulator. One edge wire of the secondary windings
connects to ground. The signal v; obtained from the
summing amplifier is used for generate the control signal for
SHC and can be written by

Vg = 2V, 0V = 2KV, |y sin(S0z () 3)

The achieved signals vs and vy are fed to the amplitude
detector for demodulating LDVT signal. Fig. 3 illustrates
the diagram of the proposed amplitude detector. It consists
of a comparator, the peak-amplitude finder and the SHC.
The signal vs is converted to square signal Vv, by the
comparator. The obtained signal v, is applied to the peak-
amplitude finder to generate the control signal v, that
provides to detect the peak-amplitude position of the LVDT
signal vyg.

amplitude

L oV
detector °

VEX

Figure 2. Block diagram of the proposed LVDT demodulator.

Fig. 4 depicts the waveform sketches of the proposed
diagram of the amplitude detector in Fig. 3. The circuit
diagram of the proposed LVDT demodulator is shown in Fig.
5. Opamp A, and the resistors R; and R, are formed as the
summing amplifier. Opamp A, functions as the comparator.
The peak-amplitude finder consists of the frequency doubler
formed by PLL with feedback divider, NAND gate and R-C
network for generating a narrow pulse. This article employs
PLL with feedback divider instead of PLL using EX-OR gate
[8]. This is due to the behavior of EX-OR gate as phase
detector in PLL provides 90° phase difference between input
and output signals of PLL. Moreover, the locked range of
PLL using EX-OR gate is quite narrow. Therefore, the
excitation signal frequency of the demodulator is limited.
The PLL with divider feedback is based on the edge sensing
detector. Thus, the locked range of PLL can be gained. The
output signal v, of the peak-amplitude finder is used to
control the SHC for sampling the signal vy corresponded to
the peak position of reference signal or the excitation signal
Vex. Therefore, the output signal v, of the proposed LVDT
demodulator is proportional to the core position | of LVDT.
The signal sketches of peak-amplitude finder are shown in

Fig. 6.
.
Vi
peak-amplitude
finder
Ve
Figure 3. Diagram of the proposed amplitude detector.
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Figure 4. Singal waveforms of the proposed LVDT demodulator.
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III. EXPERIMENTAL RESULTS

To verify the performance of the LVDT demodulator, the
proposed circuit in Fig. 5 was constructed on breadboard
using commercial available devices and circuit parameters as
summarized in Table 1 and Table 2, respectively.

TABLE L. ACTIVE DEVICES USED FOR IMPLEMENTATION OF THE
PROPOSED DEMODULATOR
Device Part Number
Opamp A, LF353
Comparator A, LM339
PLL CD4046
divider CD4027
NAND gate CDA4011
Analog switch S;and SHC CD4066

TABLE II. PARAMETERS SET IN PRACTICAL REALIZATION
Parameter Value
Rl, Rz and R3 10kZ
C, 20nF
Ch 10nF

The excitation signal Ve is set to SkHz of 1V peak
amplitude. The LVDT, OP/12.5/G type, used for this paper is
+12.5mm stroke range and sensitivity of 69mV/mm/V at
S5kHz from Solartron Metrology. Fig. 7 shows the operating
curves of the proposed demodulator. The signals (vs, Vg, V;
and Vv,) and (Vs, Vg, Ve and V,) are illustrated in Fig. 7(a) and
7(b), respectively. The plots of the measured result of the
output signal Vv, for the core position varied from -10mm to
10mm is shown in Fig. 8(a). The voltage error of the output
signal V, is depicted in Fig. 8(b). It can be seen that the
proposed LVDT demodulator can extract the core position
signal | from LVDT.

(a)
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(b)

Figure 7. Operating curves of the proposed demodulator.
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Figure 8. Dynamic response.

IV. CONCLUSION

LVDT demodulator based on amplitude detector has
been introduced in this paper. The technique utilizes the
peak-amplitude finder to generate the control signal for SHC
to detect the core position signal from LVDT. The proposed
peak-amplitude finder is based on the frequency doubler
using PLL with divider feedback. The proposed demodulator
provides without low-pass filter requirement. Therefore, the
behavior of the proposed circuit contains fast response time.
Moreover, the proposed technique exhibits in simple
configuration and low cost. The circuit performance is
confirmed by the experimental implementation.
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Abstract: This paper presents a circuit design technique for realization of a versatile interface circuit for capacitive and
resistive sensors. The proposed method is based on the use of operation of relaxation oscillator. Time periods generated
from two relaxation oscillators are employed for the reference signal and another sensing signal from sensor. The output
signal obtained in the form of time period is proportional to the sensing value from sensor. The proposed approach
provides the attraction in terms of simple configuration and low cost. The proposed circuit performances confirmed by
the experimental results using commercial devices are agreed with the expected values.

Keywords: Interface circuit, Capacitive sensor, Relaxation oscillator, Resistive sensor, Capacitance-to-time converter.

1. INTRODUCTION

Capacitive and resistive sensors are widely used in
measurement and instrumentation systems. They are
applied for measuring the different type of the physical
quantities such as humidity, displacement, pressure,
level, accelerometer and temperature [1-5]. Many
techniques for converting the measured value from
sensors to electrical signals such as voltage, frequency
and time interval can be found in literatures [5-8].
However, these approaches can provide only sensing
capacitance [3-6] or sensing resistance [7, 8]. If the
interface circuit can provide both the resistance and
capacitance from sensors in the same scheme, then the
advantage will be gained. The purpose of this paper is to
present the interface circuit for both capacitive and
resistive sensors without changing configuration. The
technique is based on the use of the operation of
relaxation oscillator. The proposed interface circuit
attracts in the terms of simple configuration, small in
size and low cost. The achieved output is in the form of
time period proportional to the sensing value from
sensor. Performance of the proposed circuit is
confirmed by experimental implementation.

2. CIRCUIT DESCRIPTION

Block diagram of the proposed interface circuit is
shown in Fig. 1. The configuration of principle consists
of two relaxation oscillators (OSC; and OSC,), one-shot
timer (OST)) and toggle flipflop (T-FF). From Fig. 1,
the operation of the proposed interface circuit can be
explained as follows. The oscillators OSC; and OSC,
are provided to generate the clock signals for the
reference period V; and the sensing period V, depended
on the variation of the values from sensor, respectively.
The one-shot timer OST), is forced at the rising edge of
the output signal from OSC, to produce the narrow
pulse signal for reset the toggle flipflop T-FF. The
output signals Q; and Q, of the toggle flipflop will
state as “0” and “1”, respectively. The inverter output

signal _Q, ~of the toggle:flipflop’is provided; to_control

the operation of the oscillator OSC,. At Q, state “1”, the
output signal V, of OSC, is generated. The rising edge
of signal V, is used for toggle the output signals of
toggle flipflop. Therefore, the signals Q, and Q, are

changed to “1” and “0”, respectively. At Q, state “0”,

OSC, is forced to pause and the output signal V,
becomes “1”. The output signals of toggle flipflop will
hold the previous values. The operating curves of the
proposed principle in Fig. 1 are shown in Fig.2.

0S¢, Vi o ost,
Vs
reset
Y Q:
0SC; 2 —» A T-FF °
control — o
Qi
Fig. 1 Block diagram of the proposed interface circuit.
Vi
Vi
Qi
Qi
V,

Fig. 2 The operating waveform sketches of the proposed
cireuit in Fig.1.



The proposed interface circuit is illustrated in Fig. 3.
The relaxation oscillator OSC; formed by inverter A,,
resistor R; and capacitor C; generates the pulse signal V,
used as the reference time period T, that can be stated as

v,
T, =R.C, 1n(VJ (1)

where Vi and V. are the upper and lower threshold
voltage of inverter, respectively. The two-input NAND
gate A,, resistor R, and capacitor C, function the
oscillator OSC; controlled by the inverted output Q, of

toggle flipflop. Oscillator OSC, is provided to generate
the pulse signal V, that the negative pulse width is
proportional to the value from sensor. Therefore, the
time period T, of pulse generated by OSC, depends on
the value from sensor and can be written as

T, =R,C, h{\\//DDiJ )

The D type flipflop, D-FF, is used instead of T-FF in
this paper for implementation. At the rising edge of the

pulse V,, the outputs Q; and (31 of D-FF are changed

to “1” and “0”, respectively. The operating of OSC, is
paused and the pulse signal V, is held state “1”. For
capacitive sensor, the capacitive sensor Cs is used to
replace the capacitor C, and the resistances R; and R,
are set to equal. Thus, the obtained time period Toy of

the output pulse at the inverted output 61 of D-FF can

be given by
ll’l[ VDD _Vt— J
Vpp =V
C DD t+
Tax =T =KcCs 3
! In Vi
Vt,
R,
NN
Vi one-shot
s 7 timer
1
C] V3

reset

R,
A%
) Vs
—D_ J D-FF {fl Vou
A |' D & O

Fig. 3 The proposed interface circuit.

From Eq. (3), the time period T, and the capacitance C,
are assigned to constant. Therefore, the obtained time

with the gain Kc. Finally, the one-shot timer OST,; will
generate a narrow pulse to reset D-FF at the rising edge
of OSC; to begin the next cycle.

For resistive sensor, the resistor R, is replaced by the
resistive sensor Rs and the capacitances C; and C, are
assigned to be equal. Thus, the obtained pulse width Ty
of the inverted output pulse of D-FF can be state as

ln@/oo . J
R DD ~ Vit+
TOUI = . Tl—: KRRS

Ry In VtiJr
Vt _

It should be noted that the proposed interface circuit can
convert the resistance of the resistive sensor to the time
period Ty with the gain Kg. From Egs. (3) and (4), it is
clearly seen that the proposed interface circuit provides
a versatile behavior.

“

3. EXPERIMENTAL RESULTS

To verify the proposed principle, the interface circuit
in Fig. 3 was experimentally implemented. The active
devices used in the circuit are commercial available
devices such as CD4093 for the inverter A;, NAND gate
A,, and one-shot timer OST; and CD4013 for D-FF.
Supply voltage Vpp is set to 10V. The resistors R; = R,
= 15kQ and capacitor C; = InF are assigned. The
capacitive sensor Cs instead of capacitor C, is chosen
for this experiment. The capacitance Cg from humidity
sensor in variation range 280pF — 370pF is selected. Fig.
4 demonstrates the operating signals of the proposed
interface circuit in Fig.3 where the capacitance Cs =
340pF.

T 2.860us AR R R R £ 5,261
b

A
J |

P U N
g i

CH3= 1@8.8l)  [E3EEE 16,60

|
=
1

Fig. 4 Operating signals of the proposed circuit.
CH1:V, CH2:V;
CH3:V, CH4: Q

Figs. 5(a) and 5(b) show the plots of the measured time
period Toy for the capacitance Cs varied from 280pF to
370pF and the percentage error, respectively. It can be
seen that the maximum error of the proposed circuit is
about 0.5%. .
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Fig.5 Measured result of capacitive sensor.

For resistive sensor, the capacitors C; = C, = 0.5nF and
resistor R; = 20kQ are assigned. The negative
temperature coefficient thermistor Rs is instead of
resistor R,. The resistance Rs from thermistor is varied
from 7kQ down to 2kQ for temperature raising from
25°C to 55°C. The plots of the measured time period
Tout for the resistance Rg varied from 2kQ to 7kQ2 and
the percentage error are shown in Fig 6(a) and 6(b),
respectively.
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Fig.6 Measured result of resistive sensor.

It is clearly seen that that the proposed interface circuit
can be employed for both the capacitive sensor and
resistive sensor without changing topology. Moreover,
the proposed scheme provides the advantage in
economical term.

4. CONCLUSION

The versatile interface circuit for capacitive and
resistive sensors has been proposed in this paper. The
technique is based on the use of operation of relaxation
oscillator. The output result is in the form of time period
proportional to the sensing value from sensor. The
proposed interface circuit provides the economical
attraction. Performance of the proposed circuit is
confirmed by experimental implementation.
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Abstract—A method to implement a signal conditioning circuit
for a linear variable differential transformer (LVDT) is
proposed in this article. The proposed signal conditioner can
be used instead of a synchronous demodulator in the tradition
approaches. The output signal of the signal conditioner is
linearly proportional to the moving core of the LVDT with fast
response. The realization technique is based on the use of an
analog integrator to determine the LVDT signal at the half
period of the excitation signal. The proposed signal conditioner
provides without low-pass filter in the signal path. Therefore,
the response time of the proposed technique is settled within
half period of the excitation signal. The devices used in the
proposed signal conditioner consist of basic commercially
available devices such as operational amplifier (opamp),
comparator, analog switch and one-shot timer. Experimental
results demonstrated the performance of the proposed
conditioner are included. The proposed technique is attractive
in terms of simple configuration and low cost.

Keywords-LVDT; analog integrator; signal conditioner;
sample and hold; synchronous demodulator

1. INTRODUCTION

Inductive  transducer, linear variable differential
transformer (LVDT), is one of the useful transducer for
measurement and instrumentation systems. The behavior of
the LVDT exhibits in terms of high linearity and robustness.
The application of the LVDT can be found in the literatures
[1] —[4]. The operation of the LVDT is the same principle of
the transformer. The structure of the LVDT comprises two
secondary windings connected in series opposition.
Therefore, the output signal is the difference of two
secondary windings, which is in the form of amplitude
modulation with suppressed carrier (AMSC). The moving
core of the LVDT is provided for sensing the displacement.
Recently, a synchronous demodulator is used to extract the
core-position signal from the output signal of the LVDT [5]
— [7]. The traditional synchronous demodulator requires a
low-pass filter to remove the excitation signal. In the past,
the envelope detector comprised diode is used to achieve the
displacement signal. However, the threshold voltage of the
diode causes the large error signal in the demodulated signal
at the small amplitude of the LVDT signal. In addition, the
envelope detector also requires the low-pass filter in the
signal path. Unfortunately, the use of low-pass filter in the
signal path of both the synchronous demodulator and the
envelope detector is deteriorated the response time of the
demodulator due to the large delay time caused by the

dominant pole. Moreover, the frequency of the excitation
signal is assigned as specific frequency to match the low-
pass filter. The deviation from the specific frequency causes
the error in the core-position signal. The use of the sample-
and-hold circuit (SHC) can be prevented the error mentioned
above [8]. This is due to the behavior of the SHC that is in
the form of ‘sinc’ function. The ‘sinc’ function exhibits the
characteristic like a low-pass filter [9]. The advantage of the
use of the SHC to extract the core-position signal from the
LVDT signal is that the low-pass filter can be avoided. Many
applications using the SHC instead of the synchronous
demodulator and the envelope detector can be found in [8],
[10] — [15]. However, the control signal of the SHC is
provided from the excitation signal that causes the error due
to the phase shift between the excitation signal and the
LVDT signal. To prevent this error, the peak-amplitude
finder is introduced to generate the control signal from the
LVDT signal [8]. The control signal is laid on the peak
amplitude position of the LVDT signal and assigned as the
narrow pulse width to minimize the ripple on the
displacement signal. This technique avoids the phase shift
mentioned above and can be operated with wide frequency
range of the excitation signal. In this article, another circuit
technique to extract the core-position signal from the LVDT
signal using the integrator is proposed. The proposed circuit
requires the integrator to average the half cycle of the LVDT
signal. The resulting signal is linearly proportional to the
core displacement. The proposed circuit is constructed
without the specific devices. Only the commercially
available devices are required. Therefore, the economical
attraction is obtained.

II.  CIrRcUIT DESCRIPTION

The operation of LVDT is the same principle with
transformer and its equivalent circuit can be depicted in Fig.
1(a). The LVDT consists of a primary winding Lp and two
secondary windings Ls; and Lg,. The excitation signal
Vex = Vpsinwt is applied to the primary winding Lp. The
excitation signal Ve is transferred to the secondary windings
with the amplitude of the signals v, and Vv, depended on the
core position variated from the reference position. Two
secondary winding signals v, and Vvj, can be stated as

Vy =KiVp (g O DSin(S 0 42,) (1a)

and
Vo = KrVp (o - Dsin(t0 ) (1b)
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where Vp denotes the peak amplitude of the excitation signal
Ve, K7 is a sensitivity of LVDT, |y, and | are the null position
of LVDT or the reference position and the core position
deviated from null position, respectively, ¢, is the phase
shift between the primary winding and the secondary
winding. The secondary windings are connected in opposite
direction. Therefore, the LVDT signal vy can be expressed
as

Vsg =V 0V = 2K Vplsin(dt 0 ) ?2)

From (2), it can be seen that the signal Vg4 is the AMSC
signal. To remove the carrier signal term, a synchronous
demodulator is required. An analog multiplier and a low-pass
filter is most attention for a synchronous demodulator to
extract the core-position signal. However, the phase delay
and the error of the core position signal caused by the
dominant pole of the low-pass filter are occurred. Another
synchronous demodulators based on the SHC are introduced
[10] — [14]. However, these demodulators provide the large
ripple in the demodulated signal. This is due to that the
position of the control signal of the SHC is missed the peak-
amplitude position for the LVDT signal. Therefore, the low-
pass filter is necessary to minimize the ripple. The proposed
technique of this paper is presented to overcome the
disadvantage mentioned above. Principle of the proposed
converter is shown in Fig. 1(b). It comprises an integrator,
SHC, comparator, analog switches and one-shot timers. The
operation of the proposed technique in Fig. 1(b) can be
expanded as follows.

<
@
=
—
el
core

one-shot one-shot
comparator q/_ timer q/_ timer

Ve MN; VM1 MN, Vmz

(b)

Figure 1. (a) Schematic diagram (b) block diagram of the proposed circuit.

The comparator is used to investigate the zero crossing of
the secondary winding signal v, to achieve the control signal
Vc. The LVDT signal vy is sampled by analog switch S; with
the control signal v, the sampling signal. The proposed
converter requires the control signal vy; for the SHC
disregarded the peak-amplitude position of the LVDT signal.

The sampled signal vy is averaged by the integrator with the
period of 1/fs, where foy is the frequency of the excitation
signal Ve, After falling edge of the pulse signal vc, the one-
shot time MN, generates the control signal vy to control the
SHC to hold the output signal of the integrator that is the
average value of the positive voltage of the LVDT signal.
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Figure 2. (a) Proposed circuit (b) signal waveforms.
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The pulse width of the control signal vy is assigned to
equal the acquisition time of the SHC. At falling edge of the
signal vy, the one-shot timer MN, generates the reset signal
Vi, to reset the integrator for operating the next cycle of the
LVDT signal. As a result, the output signal v, is proportional
to the core position.

The circuit of the proposed technique is shown in Fig.
2(a). The sampling signal V¢ is obtained by the positive
voltage of the secondary winding signal v, using the
comparator A,. The signal V¢ forces the analog switch S; ‘on’
to transfer the voltage of the LVDT signal vy to the
integrator formed by operational amplifier (opamp) A,
resistor Ry and capacitor C;. It should be noted that the
period ‘on’ of the analog switch S; is equal to the half period
of the excitation frequency fe. Therefore, the average signal
v, at the half period of tex = 1/f¢ can be given by

t

2
}in(gext)dt ~o HiVe |

110 1~15 ex

v, =0 Vel

(€)

The SHC comprised analog switch S,, capacitor C,
opamp As, resistors R, and R; samples the signal v; to the
output signal vV, = v;. The control signal vy, is generated by
the one-shot timer MN; at the falling edge of the signal vc.
Logic “1” of the control signal vy, is used to force switch S,
“on” for sampling the voltage signal v;. Otherwise, logic “0”
of the control signal vy, obliges switch S, “off” for holding
the average signal v; at the half period of excitation signal. At
falling edge of the control signal vy, the control signal vy,
generated by the one-shot timer MN, forces the analog
switch S; to discharge the capacitor C; after the SHC held
the signal v;. Thus, the output signal of the proposed
conditioner V, can be stated as

Vo
RICI (Ofex)

I

“)

where Ks = (1 + Ry/R3) is the voltage gain of the SHC. From
(4), it can be seen that the obtained output voltage v, is
linearly proportional to the core position of LVDT. The
operation curves (Vsg, Vb, Ve, Vmi, Vmz, Vi and V,) of the
proposed simple LVDT signal conditioner are shown in Fig.
2(b).

III. EXPERIMENTAL RESULTS

The proposed simple LVDT signal conditioner in Fig. 2(a)
is breadboarded using the commercial avaliable devices.
Active devices are comparator LM339, opamp LM351, one-
shot timer CD4528 and analog switch CD4066. Passive
devices are assigned as Ry = 10kQ and C, = C;, = 0.01pF.
The acquisition time of the SHC is measured as lps. The
time constant of the one-shot timers MN; and MN, are set to
1us and 10us, respectively. The excitation signal Ve is set to
S5kHz of 1V peak amplitude. The LVDT used for this paper
is £12.5mm stroke range and sensitivity, ky, of 69mV/mm/V
at SkHz (OP12.5G from Solartron Metrology). The LVDT
null position can be measured as I,y = 42.319mm. The phase

shift of the LVDT is measured of about 18”. The voltage
gain Ks is set to 1.138 for the sensitivity of the proposed
scheme of 0.1V/mm. The resistors R, and R; are set to 5kQ
and 36.2kQ, respectively.

o | =] ]

10,0V M 100us
10,0V

@

2.00vCh2
cha 100V cChd

SN S

Chl 1.00V 10,0V M 100ps
Ch3 500mv  Chd4 1.00V
(®)

Figure 3. Operationg signals of the proposed circuit (a) voltages vy, Ve,
Vmr and Vi, (b) voltages Vg, Ve, Vi and V.
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Figure 4. (a) Voltage output (b) voltage error.

Fig. 3 shows the operating curves of the proposed
scheme. The voltages (Vy, V¢, Vi1 and V) and (Vg, Ve, Vi and
V,) are illustrated in Fig. 3(a) and 3(b), respectively. The plot
of the measured result of the output signal v, for the core
position varied from -10mm to 10mm is shown in Fig. 4(a).
It can be seen that the resulting signal V, is linear over the
entire operating range. The error from the expected value of
the resulting signal Vv, is measured and plotted in term of
percentage as shown in Fig. 4(b). It should be noted that the
maximum of the percentage error of about -0.23% is
observed.

Vo

. ﬁ

s00mv. Ch2 S00mvV M 4008
Figure 5. Dynamic response.

The dynamic response of the proposed scheme can be
confirmed using the simulated LVDT signal formed by an
analog multiplier with the square wave as the modulated
signal. The amplitude of the square wave is set to 0.5V
equivalent to the core varied from -5mm to 5mm. The
response curve of the proposed scheme is shown in Fig. 5. It
is evident that the response time is about 160us.

IV. CONCLUTION

Another technique to implement the LDVT signal
conditioner has been introduced in this article. The technique

is based on the use of the integrator to average the LVDT
signal. The performance of the proposed scheme is
confirmed by the experimental results. The experimental
result shows that the percentage error of about -0.23% for the
core position varied in full range. Therefore, the core-
position signal is linearly extracted to the dc voltage with
high accuracy. The purpose of the proposed scheme is
emphasized in terms of simple configuration and low cost.
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ABSTRACT

A simple technique to produce a linear signal from a displacement
transducer, linear variable differential transformer (LVDT), is
introduced in this paper. The two-quadrant divider is used to
precede the ratio of a different and sum of the two winding signals
from the LVDT instead of a four-quadrant divider of a recent
approach. The two- quadrant divider is obtained by an operational
transcondutance amplifier (OTA) in the form of a voltage-to-
current converter. The signal from the divider is held by the
sample and hold circuit (SHC) controlled by the peak-amplitude
finder. As a result, the held signal is achieved without using a
low-pass filter. The temperature effect of both OTA and LVDT
are compensated. The merit of the proposed technique is that the
circuit requires without the low-pass filter. Therefore, the fast
response is obtained. The performance of the proposed scheme is
confirmed by the experimental results using commercial devices.

CCS Concepts

¢ Information systems—Mobile information processing
systems ¢ Hardware—Sensors and actuators.

Keywords
LVDT; Sample and hold circuit; Operational transcondutance
amplifier; Demodulation; Peak-amplitude finder.

1. INTRODUCTION

LVDT is one of an importance transducer used in instrumentation
and measurement systems. This is due to that the behavior of
LVDT provides high linearity and durability [1] — [4]. Many
applications can be found in the measuring of displacement,
position, level, flow and pressure [1] — [7]. The structure of LVDT
consists of a primary winding and two secondary windings with
opposite series connection. The ferromagnetic core concealed

inside of LVDT is the moving part used to detect the displacement.

When the excitation signal is applied to the primary winding of
the LVDT, the output signal is the difference of two signals from
secondary windings. Therefore, the output signal of LVDT is in
the form of amplitude modulation with suppressed carrier.

The technique to achieve the displacement signal from LVDT is
based on the use of an envelope demodulator [3]. The traditional
envelope demodulator formed by diode rectifier and low-pass
filter causes large error signal on the amplitude of the

Permission to make digital or hard copies of all or part of this work for
personal or classroom use is granted without fee provided that copies are
not made or distributed for profit or commercial advantage and that
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demodulated signal. This is due to the threshold voltage of diode.

To minimize this error, the synchronous demodulator provided by
an analog multiplier and low-pass filter is introduced [3], [5] — [9].

Usually, the envelope demodulator and synchronous demodulator
require a low-pass filter to remove a high frequency component.
The low-pass filter will provide the time delay caused by its
dominant pole that reduces the response time of the demodulator.
Alternatively, the approach based on the use of analog switch and
integrator is presented [10] — [11]. These approaches require
without diode in signal path. Therefore, the error signal due to the
threshold voltage of diode is avoided. Unfortunately, the time
response of these approaches is deteriorated by the dominant pole
of low-pass filter. In addition, the low-pass filter used for the
approaches mentioned above is designed for specific frequency.
Therefore, the variation of the excitation frequency will cause an
inaccuracy on the demodulated signal. Recently, the use of a SHC
instead of low-pass filter in the demodulator is most attention [11]
— [16]. The transfer function of the SHC provides a “sinc”
weighting function that indicates a behavior like a low-pass filter
[17]. The control signal for the SHC should be assigned to the
position of the peak amplitude of the LVDT signal [1]. The
advantage of this technique is shown that the demodulator
provides a fast response time. However, the control signal for the
SHC of these approaches is provided directly from the excitation
signal. Practically, the phase shift between the primary winding
and secondary windings causes the position of the control signal
of the SHC missed the peak amplitude of the LVDT signal that an
offset voltage on the demodulated signal is occurred. This offset
voltage will reduce the resolution of the demodulator at low level
of the LVDT signal. Also, the large pulse width of the control
signal for the SHC of these approaches is produced a ripple on the
demodulated signal. To minimize the ripple, the pulse width of the
control signal for the SHC should be narrowed [1].

In this paper, simple circuit technique to realize the LVDT signal
to DC voltage converter is introduced. The technique is based on
the ratio of sum and difference of the signals from two secondary
windings [2]. The proposed scheme comprises operational
amplifier (opamp) and operational transconductance amplifier
(OTA) as active circuit building block. The sum of two secondary
windings signal is provided for the reference signal to generate the
control signal for the SHC. The control signal for the SHC is
obtained by the peak-amplitude finder proposed in the literature
[1]. The performance of the proposed scheme is exhibited from
the experimentally implementation using commercial available
devices. In addition, the temperature effect of the LVDT and OTA
are compensated.

2. CIRCUIT DESCRIPTION

The principle of the LVDT can be explained as the same with
transformer and a simplified schematic is shown in Figure 1(a). If
the excitation signal v,, = V. sinwt is applied to the primary



winding, the secondary winding signals vg; and vg, can be written
as

v =k V(L — DIsin( @t — )] (1a)
and Vea =kiV (L + DIsin( ot — )] (1b)

where V, is the peak amplitude of the excitation signal v,,, & is
the sensitivity of LVDT, /,,; and / are the null position and the
core position of the LVDT, respectively, ¢y is the phase shift
between the primary winding and the secondary windings. The
LVDT signal v, or the difference of two secondary winding
signals can be stated as

Vg =Vsy — Vg = 2KV, Isin( ot — ¢g) )

The parameters k; and V, are constant. Then the amplitude of the
LVDT signal v, is directly proportional to the core position /. The
principle of the traditional approaches to extract the core position
signal is shown in Figure 1(b). The demodulated signal v,, can be
expressed as

Voa = kiVI[cos g +cos(2at — @g)] 3)

It can be seen that the second term in the square bracket contains
the double of the excitation frequency. The high frequency
component of Eq. (3) will be removed by the low-pass filter. The
phase shift ¢y and the double frequency term in Eq. (3) will
deteriorate the performance of the demodulator.

Vex

core

(a) (b)
Figure 1. (a) schematic diagram (b) traditional demodulator

The block diagram of the proposed LVDT signal to DC converter
is shown in Figure 2(a). The summing amplifier is provided the
signal v; = (vg; + vg) from the LVDT signal v, and the signal 2vg,.
The signal v; is transferred to the peak detector to capture the
positive amplitude as the signal v,. The signal v, is used as the
denominator for the divider. Also the signal v; forced the peak-
amplitude finder to generate the control signal v¢ for the SHC at
the peak-amplitude position of the signal v;. If the secondary
winding signals is disturbed by the variation of the ambient
temperature, then the signals v;and v, can be stated as

Vg = (Vgy —vg )1+ aAl) (4a)
and Vi = (Vg1 + Vo, 1+ 2AY) (4b)

where o and At denote the temperature coefficient of the LVDT
and the change of ambient temperature, respectively, vs;, and vg,
are the peak amplitude of the signals vg; and vg,, respectively. To
consider only the positive peak amplitude of the signal v,, the
resulting signal v, can be given by

_ KOs —vs) _ K

Vs1p +Vs2p) Ly

! (5)

Vy

where K is the voltage gain of the divider. It can be seen that the
output signal v, of the divider is obtained without temperature
effect. The signal v, is sampled and held at the peak amplitude by
the SHC with the control signal v¢. Therefore, the output of the
SHC is dependent on the peak amplitude of the signal v, or the
core position /. The operating curve of the block diagram in
Figure 2(a) is shown in Figure 2(b).

The proposed circuit is depicted in Figure 2(c). Opamp A4,
resistors R; and R, form the summing amplifier to produce the
signal v; = (vg; + vs). The signal v, is captured the peak amplitude
and converted to the current signal #; by opamps A, and 43, diode
D, capacitor C| and resistors R; — R;. The current signal #; can be
written as

. 2kV.I
iy = x4 gAr) (6)
R,
| Va=VsrVst _ Vi=vetvg
»() »| peak detector
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Figure 2. (a) block diagram of the proposed circuit (b) signal waveforms (c) proposed circuit

The divider for this paper is constructed by OTAs and resistors Rg
and Ry [18]. The relationship of the voltage signal v, and the
LVDT signal v, can be given by

I, Ryv
vy =2 ™
Rgiy
From Eq. (2), (4) and (6), the signal v4 can be written as
I,R;R
vy =212 ]=K,1 (8)
RSZnull

The core position signal v4 is provided for the SHC formed by
opamps As and A4¢ and capacitor C,. The control signal v¢ is
generated by the peak-amplitude finder [1]. The control signal v¢
controls the SHC to hold the signal v, corresponded to the peak
position of the reference signal v,. Therefore, the output signal of
the SHC v, = vy is proportional to the core position / with the
voltage gain K.

3. EXPERIMENTAL RESULT

The performance of the proposed circuit in Figure 2(c) is
confirmed by an experimental implementation. The proposed
circuit in Figure (2c) was constructed using commercial devices
such as opamp LF353, OTA CA3280, signal diode 1N4148, and
analog switch CD4066. The power supply voltages and OTA bias
current /, were set to £5V and 100pA, respectively. The excitation
signal was assigned as SkHz sinusoidal wave of 2Vpp. The passive
components were chosen as R = R, = R; =Rg = Ry = 10kQ, R; =
R4 = R5 = R6=100kQ, Cl = C2 = C3 = OIHF and C4 = OOIHF The
LVDT used in this paper was +12.5mm stroke range with
sensitivity 69mV/mm/V (OP12.5G from Solartron Metrology).

Figure 3. span and zero amplifier

Practically, the span and zero amplifier of Figure 3 is included to
calibrate the output signal v, to the describe range [1], where Ry =
Ry = 20kQ and R, = 1kQ.The residue voltage for the core
position / = 0 can be eliminated by the appropriate value of the dc
voltage V. The voltage v; of 2Vpp is measured at the LVDT core
position / = Omm. Thus the null position of the LVDT /[, is
calculated as 42.39mm from the measured voltage v; and Eqgs.
(1a) and 1(b). Also, the parameter K, of Eq. (8) is determined as
23.4mV/mm. The gain of the span and zero amplifier is set to 4.27
by adjusting the variable resistor R, for the describe range 1V at
the LVDT core £10mm. The operating signals of the proposed
circuit are shown in Figure (4). Figure (5a) shows the output
signal v, for the LVDT core varied form -10mm to 10mm. The
voltage error of the output signal v, is shown in Figure (5b). Also,
the output signal v,; and its error of the span and zero amplifier in
Figure 3 are shown in Figures 5(a) and 5(b), respectively. It can
be seen that the proposed LVDT signal to DC converter provides
the best performance for measurement and instrumentation
systems.
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Figure 4. operating signals of the proposed circuit
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Figure 5. (a) voltage output (b) voltage error of V, and V,,

4. CONCLUSION

The LVDT signal to DC converter has been presented in this
paper. The technique utilizes a peak-amplitude finder to generate
the control signal for the SHC to extract the core position signal.
Therefore, the proposed converter requires without a low-pass
filter. The performance of the proposed converter is confirmed by
the experimental implementation. The results of the proposed
converter exhibit that its behavior contains fast response, high
accuracy and low cost.
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ABSTRACT

A method for implementing of a capacitive sensor interfacing
circuit is proposed in this paper. The time period generated from a
simple relaxation oscillator is utilized to determine the time period
obtained from the capacitive sensor. The output parameter of the
proposed converter is in the form of the time period. The
capacitance of the sensor can then be calculated using ratio metric
operation. The proposed converter can linearly convert the
capacitance from the sensor to the time period. The purpose of the
proposed converter plays an attention in terms of simple
configuration and low cost. Performance of the proposed scheme
is demonstrated by experimentally implementation. The resulting
confirmed that the performance of the proposed converter is in
good agreement with the expected value.
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1. INTRODUCTION

Capacitive sensor is an important transducer in the field of
measurement and instrumentation systems. It is used for
measuring the different type of the physical quantities such as
flow, pressure, level, humidity, displacement, velocity and
accelerometer [1] — [4]. The obtained result is in the term of
capacitance. Many techniques to implement the interfacing circuit
for capacitive sensor can be found in the recent articles [2] — [8].
In the past, the capacitance of sensor was provided by the ac
bridge circuit [5]. The disadvantage of this technique is that the
compensation of the ac bridge circuit for the long distance
measurement and temperature effect are complicated. Therefore,
the techniques based on the conversion of the capacitance to the
forms of time interval and frequency have been introduced [6] —
[8]. The former approaches based on integrated circuit design to
implement the capacitance-to-frequency converter have been
presented [6] — [7]. Moreover, there are provided large number of
components in the converter circuit. These approaches require
large chip area that spends high cost for implementing of the
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converter in small value of the chips.

Alternatively, the converter based on the use of second generation
current conveyor (CCII) has been reported [8]. The mentioned
approaches require a lot of passive elements. Moreover, CCII is
specific device. Therefore, the implementing of this converter is
inconvenient. Unfortunately, the aforementioned approaches
provide the invariable gain that causes the unscaled result. The
error of the result will be occurred for long distance measurement.
Recently, the operational transconductance amplifier (OTA) plays
an interesting device in the field of analog electronic circuit
design. This is due to the transconductance gain of OTA can be
linearly adjusted more than four decades [9] — [10]. OTA is a
commercially available device that can be provided as basic
building block to form CCII. Therefore, the converter circuit
formed by OTA will exhibit a conventional implementation and
economical attention. The OTA based -capacitance-to-period
converter has been proposed in literature [11]. However, most of
capacitance-to-period converters are provided only the period
proportion to the capacitance. If the converter can also convert the
resistance of the resistive sensor without changing the circuit
configuration, the advantage will be gained. In this paper, a
simple method for implementing the capacitance-to-time 1is
proposed. The technique is based on the comparison of the pulse
period from two relaxation oscillators. The capacitive sensor is
used to provide time constant for the relaxation oscillator.
Therefore, the period of the output pulse, as sensing pulse, is
proportional to the variation of the sensor capacitance. Another
relaxation oscillator is assigned as the reference pulse period. As a
result, the measured capacitance is in the form of ratio metric of
the reference pulse and sensing pulse. If the capacitance is fixed
and assigned to equal the capacitance of the reference relaxation
oscillator, then the pulse width of sensing pulse is depended on
the resistance. This resistance can be replaced with the resistive
sensor. The merit of the proposed capacitance-to-time converter is
that it can convert both capacitance and resistance to pulse width
without changing scheme. The performance of the proposed
converter is demonstrated by experimental implementation. In
addition, only the commercially available components used for
the proposed converter are required.

2. CIRCUIT DESCRIPTION

The principle of the proposed capacitance—to-time converter is
shown in Figure 1(a). The block diagram in the Figure 1(a)
comprises two relaxation oscillators (OSC,; and OSC,), toggle
flipflop (T-FF), analog switch (SW) and one-shot timer. From
Figure 1(a), oscillators OSC, and OSC, are provided for
generating the clock signals. OSC; is used to generate the
reference period. The output frequency of OSC, is depended on
the variation of the capacitance of the sensor Cs. The free running
frequency of both oscillators is set to equal at the maximum value
or full range of the measured capacitance Cs. The one-shot timer
is forced by rising edge of the positive pulse from the OSC; to



provide the reset signal for the toggle flipflop and synchronize
between two oscillators. When the output pulse of OSC; is rising
from “0” to “1”, the narrow pulse is generated by the one-shot
timer for reset the output Q; of the toggle flipflop to “0”. Also, the
output pulse from toggle flipflop will open the analog switch, SW,
and the output pulse of OSC, is generated. The output Q; of the
toggle flipflop will set to “1” at the falling edge of the pulse from
OSC, and the analog switch is closed. Therefore, the OSC, is
forced to pause. It can be seen that the output pulse of the OSC,

provides the same state with the inverted output signal Ql of the
toggle flipflop. Therefore, the period of the inverted output pulse
O, from the toggle flipflop is corresponded to the variation of the

capacitance Cs.
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Figure 1. Principle of the proposed converter. (a) Block
diagram (b) Operating curves of each node

The operating curves of the block diagram in Figure 1(a) are
shown in Figure 1(b). The proposed circuit is depicted in Figure 2.
The relaxation oscillators are implemented from basic inverter
gates. The inverter A, resistor R; and capacitor C; form the
relaxation oscillator to generate the pulse signal Vx used as the
reference period 7. The reference period 7)., can be expressed as

”
T, =RC m(V’—’”J (1)

th—

where V., is the input voltage of inverter that forces the output of
inverter changed from “1” to “0” known as upper threshold
voltage. Otherwise, V;,_ is the input voltage of inverter that forces
the output of inverter changed from “0” to “1” known as lower
threshold voltage. The oscillator OSC, formed by the inverter A,,
resistor R, and the capacitive sensor Cs are used to generate the
pulse signal Vg, that the pulse width is proportioned to the
capacitance value of the sensor. Therefore, the period 7,,. of the
pulse generated by the OSC, is depended on the capacitance of
the sensor and can be given by
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Figure 2. Proposed capacitance-to-time converter.

At the falling edge of the pulse signal V,,, the output Q; of the
toggle flipflop is changed to “1” and the analog switch is closed.
The operating of OSC, is paused and the pulse signal Vi, is
returned to state “1”. Practically, the resistances R; and R, are set
to equal. Thus, the period T, of the output pulse at the inverted

output Q of the toggle flipflop can be written as

C
Toy = _STre =kesCs ©)
G

From Eq. (3), the period T, and the capacitance C; are assigned
to constant. Therefore, the period T, is directly proportional to
the capacitance Cg with the gain k¢g. Finally, the one-shot timer
will provide a narrow pulse to reset the toggle flipflop at the rising
edge of the next pulse signal from OSC; to begin the next
conversion cycle. From Eq. (2), if the capacitances Cg and C, are
assigned to equal and the resistance R, is provided for the resistive
sensor as Rg. Then the pulse width T, of the inverted output
pulse of toggle flipflop can be rewritten as

R
Tey = _SZ;E/‘ = kpsRs “)
R

It can be seen that the proposed circuit can also convert the
resistance of the resistive sensor to the time period 7y, with the
gain kgs. Clearly, the proposed converter provides a versatile
behavior, simple configuration and low cost.

wnanstiduenansianubdmsumslynuiionsfinyinidu lueygialmihlulydsslosuaunism

[V
o

v v

lunnsallagiiedu Bnnsnudlndnutadiion uazedandidsavesenasnnasiinisualuly



3. EXPERIMENTAL RESULTS

The proposed capacitance-to-time converter was constructed for
demonstration the circuit performance. For economical attention,
the analog switch and the toggle flipflop with falling edge
operation are replaced by NPN transistor and D type flipflop
together with inverter, respectively. The experimental circuit is
shown in Figure 3. The active components used in the circuit are
commercially available devices such as inverter CD40106, NPN
transistor 2N2222A, one-shot timer CD4528 and D flipflop
CD4013. The passive components are R; = Rg = 10kQ and
C; = 1nF. The capacitance Cg with a variation range of 270pF —
380pF for a humidity sensor is chosen for this experiment.
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Figure 3. Experimental circuit.

Figure 4(a) shows the operating curves of the circuit in Figure 3
for the capacitance Cs = 270pF. The measurement of the pulse
width T, for the capacitance Cg varied from 270pF to 380pF is
shown in Figure 4(b). The percentage error can be depicted in
Figure 4(c). It should be noted that the maximum error of the
proposed circuit is about 0.4%. Also, the capacitance Cg is set to
InF and the resistance Ry is varied from 10kQ down to 4kQ for
temperature raising from 25°C to 55°C of a negative temperature
coefficient thermistor. The measured results are shown in Figures
5(a) and 5(b).

It can be seen that the proposed circuit can be used for both the
capacitive sensor and resistive sensor. The advantage of the
proposed scheme over the commercial converter is that the
commercial converters provide both pulse width and frequency
varied directly to the change of the sensing value.
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Figure 4. Measured result of capacitive sensor. (a) Operating
curves of each node (b) The obtained pulse width Ty, against
the varied Cs (c) Percentage error
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Figure 5. Measured result of resistive sensor. (a) The obtained
pulse width T¢), against the varied Rs (b) Percentage error

4. CONCLUSION

In this paper, a novel technique to realize a capacitance-to-time
converter has been proposed. The technique is based on the use
of two relaxation oscillators to generate pulse signals. The result
signal is in the term of time interval that is proportional to the
variation of the capacitance of capacitive sensor. In addition, the
proposed circuit can be used for measuring the resistance of the
resistive sensor. The purposes of the proposed circuit are in the
attention of simple circuit and low cost. Performance of the
proposed circuit is confirmed by experimental implementation.

The measured results show that the proposed circuit can perform
both with the capacitive sensor and resistive sensor.
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Inverse Sine Function Circuit with Temperature
Compensation

Perm Apisitticharoonlert, Wandee Petchmaneelumka, and VVanchai Riewruja

Abstract—A technique to realize inverse sine function circuit  in Fig. 1, where V,, Ig and |, define the input voltage, bias
with temperature compensation is presented in this paper. The  cyrrent and output current of OTA, respectively.
hyperbolic tangent characteristic of bipolar-transistor
differential pair existed in operational transconductance

amplifier (OTA) is utilized for the proposed realization method. M, M,

The proposed scheme provides a simple configuration and low Qs Qs Qs Qs
cost. Simulation and experimental results confirming the ! y

performance of the proposed scheme are agreed with the ><

theoretical values. to lo

Index Terms—sine-to-triangular  waveform converter,
operational transconductance  amplifier, temperature
compensation, hyperbolic tangent

. INTRODUCTION

I nverse sine function circuit or sine-to-triangular waveform
converter is important circuit building block in electronic
signal processing, instrumentation and measurement system.
Many applications of sine-to-triangular waveform converter
can be found in the literatures [1-4]. The techniques for
implementation of sine-to-triangular waveform converter
based on the use of hyperbolic tangent characteristic of (b) Symbol
bipolar-transistor differential pair existed in OTA have been
reported [4-5]. Unfortunately, the performance of these
approaches is disturbed by ambient temperature which exists
in the behavior of OTA. Therefore, the aim of this paper is
to propose a sine-to-triangular waveform converter based on
the use of OTA’s characteristic. The temperature effect of
OTA wused in the proposed scheme is compensated.
Moreover, the circuit configuration is simple and low cost.

Fig. 1. BJT-based of OTA.

Transistors Q; — Q, form the differential pair. Transistors Qs
— Qu, Qs — Qs and Q7 — Qg function as the current mirrors
CM;, CM, and CMs, respectively, with unity gain. The
relation between V;, and I, can be given by

PSPICE simulation and experimental results verifying the o = !s @anN(Viy /2V7) (1a)
performance of the proposed circuit agreed with theoretical
values are given. or

I1. CIRCUIT DESCRIPTION Vi, = 2V; tanh (1, /1) (1b)

A. Principle of OTA

. . . where V7 is the thermal voltage. From (1b), the hyperbolic
Basic scheme of BJT-based OTA and its symbol is shown

tangent term in (1a) can be expressed as
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It can be seen that the series covers to a sine function as
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If the input voltage of OTA V;, is weighted with the
appropriated value of the factor m for 0 < m < 1, then the
output current I, can be approximated as

H Vin
Iolesm(szJ 4)

B. Proposed circuit

The proposed principle is based on the use of the inverse
function technique of an inverting amplifier using
operational amplifier (opamp) as shown in Fig. 2.

|

I, 4
= OTA
Vo R > 1:
oV Vo
Iy opamp >———+——o
+

Fig. 2 Simple inverse sine function.

From routine circuit analysis, the relation between the
currents i, and i, can be stated as

l,+1,=0 )

For (1a), (5) can be rewritten as

Vﬂ+IBtanh Yo |_g (6a)
or
-1 Vin
V, =-2V; tanh™| 1 (6b)
IgR

The power series of (6b) can be stated as

3 5
R IR (R
B B B

From (7), the series is corresponded to an inverse sine
function as [6]

x3 x>
Ksinil(x):KT X+BS?+ BS?"F (8a)
and
i-1
N
B = {("?J)} for 12357, (8b)
i =29 +1
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If the current 1, is chosen with the appropriated value by the
weighting factor m at the output voltage V,, then the series in
(7) can then be expressed as

V, = —2V; sin—{rln—viR”j 9)
B

From (9), the term of thermal voltage Vr causes the output
voltage V, depended on the ambient temperature. The
proposed inverse sine function with temperature
compensation is shown in Fig. 3. It consists of opamp OA;,
OTAs A; — A,, constant resistors R; and R, and variable
resistor R,. The operation of the proposed scheme can be
explained as follow. The input voltage V;, is applied to the
proposed circuit in Fig. 3.

s

I, .

‘ ."_1

.V2
Ry j

Fig. 3. Proposed inverse sine function circuit.

The voltage V, can be expressed as

V, =2V, sin-{rlnﬁj (10)

B1

The voltage V, is attenuated by the variable resistor R, to
obtain the appropriated value for OTA A,. The output
voltage V. can be expressed as

|
V. =——B2ZR ky
out ZVT L™Y2

(11

where k is the optimal gain of the voltages V, for OTA A,.
Substitute V, from (10) into (11), the output voltage Vg of
the proposed converter can be rewritten as

I . _q[ mV;
Vout :_ﬁ RLK(— 2VT Sin 1(I—mjj

T B1

IBl

(12)

It should be noted that the output of the proposed sine-to-
triangular converter is in the form of inverse sine. Moreover,
temperature existing in thermal voltage Vr is compensated.

IIl. SIMULATION RESULTS

To verify the performance of:the proposed inverse sine
furction, the “circuit in Fig: 3'was-simulated' Using ‘PSPICE
simulation . program, The cominereial opamp _“and OTA

IMECS 2016
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73.85

models are selected for OA; and A; — A,, respectively. The
circuit parameters R; = 1kQ, R, = 10kQ, lg; = 100pA and 7000 212";';35‘3;2
Iz, = 400pA were chosen. The supply voltage was set to ¥ Temp. 70°C
+10V. Fig. 4 demonstrates the simulation result of the 65.00
proposed inverse sine function circuit, where Vj, is 500Hz

sinusoidal with 200mV/,

60.00

Vout (MV)

55.00

50.00

Vin(mV)

45.00

40.37+—F
250 300 350 400 450 500 550 600 650 700 750 800

Time (us)
(b)
Fig. 6. Simulation results of temperature change by 3 difference values.
(a) obtained triangular wave
(b) zoom in at the peak of the obtained output

Vou(mV)

Fig. 5 shows simulated frequency spectrum of the obtained
triangular signal in Fig. 4. Fig. 6 illustrates the simulated
results by changing temperature with 3 difference values
(30°C, 50°C and 70°C). From Fig. 6(b), the proposed circuit

Time (ms)

Fig. 4. Simulation result of the proposed sine-to-triangular waveform  Can minimize the effect from the ambient_tem_perature, which
converter. the error caused by temperature changing is about 1.9%.

The error of the It is evident that the performance of the

o proposed scheme is agreed with the expected values.

IV. EXPERIMENTAL RESULTS
60

The proposed inverse sine function circuit in Fig. 3 was
also experimentally implemented using commercial
available devices LM351 and CA3280 for opamp OA; and
OTAs A; — A,, respectively. The circuit parameters are
summarized in Table I. Experimental result of the proposed
inverse sine function circuit is shown in Fig. 7(a). Frequency
spectrum of the obtained triangular wave provided from the
proposed circuit is shown in Fig. 7(b). It is clearly seen that
the proposed converter is close agreement with the expected

0 05 1.0 15 20 25 30 35 40 45 50 value.
Frequency (kHz)

Fig. 5. Simulated frequency spectrum of the proposed sine-to-triangular

waveform converter.

40

Vou (MV)

20

0

TABLE |
PARAMETERS SET IN PRACTICE REALIZATION IN FIG. 3

% parameter value
Supply voltage +10V
le1 300pA
Is2 700pA

“0 Ry 1kQ
RL 10kQ

Vout (MV)

V. CONCLUSION

Simple technique to realize inverse sine function or sine-
to-triangular  waveform converter with temperature

-40
O Temp. 30°C
& Temp. 50°C

© Temp. 70°C compensation has been introduced in this paper. The
. proposed circuit provides simple configuration and low cost.
o 0 1015 20 Timze-jms) 8035 40 45 80 Gimulation and experimental results confirming the circuit
@ performance are agreed with the expected values.
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(b)
Fig. 7. Experimental results of the proposed sine-to-triangular waveform
converter.
(a) behavior of the proposed circuit
(b) frequency spectrum
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Abstract: A simple technique for implementation of resolver-to-DC converter is presented in this paper. The obtained
output in form of DC voltage is linearly proportional to the position of motor shaft angle. The configuration of proposed
converter consists of commercial available circuit building blocks such as demodulator, sine-to-triangular wave
converter, logic control, and triangular-to-sawtooth converter. The proposed approach is obtained the economical
attraction. Experimental results confirming the circuit performance are agreed with the expected values.

Keywords: Resolver, Demodulator, Sample and hold circuit, sine-to-triangular wave converter.

1. INTRODUCTION

The resolver is the transducer provided the output
signals depended on the position of machine shaft angle.
Its applications can be found in instrumentation and
control system such as CNC, aircraft and industrial
robot [1-2]. There are many techniques to convert the
resolver signals, which are the trigonometric function,
into linear signals. Based on the use of phase-locked
loop [3-4] or look-up table [5] techniques to implement
resolver converter have been introduced. Alternatively,
resolver-to-DC converter without a processor or look-up
table technique has been reported [6-7]. However, these
approaches have complex structure.

The aim of this paper is to present a resolver-to-DC
converter using commercial available circuit building
blocks. Thus the proposed converter provides
economical attraction. The circuit configuration is
simple. The output signal of proposed converter is
linearly proportional to resolver shaft angle.

2. PRINCIPLE

Principle of the proposed resolver-to-DC converter is
shown as diagram in Fig. 1. The configuration of
principle consists of four circuit building blocks i.e.
demodulator, logic control, sine-to-triangular converter
and triangular-to-sawtooth converter. From Fig. 1,
voltage V, = Asin(at) from sinusoidal generator is the
excitation signal applied into rotor winding of resolver
where A is the peak amplitude, @ = 2zf and f denotes the

frequency. Vg and Vs, are the output signals from two
stator windings produced by modulation of excitation
signal at rotor winding and rotor shaft angle in function
of sine and cosine, respectively, which can be expressed
as

V, = aAsin(awt)sin(6) (N
V,, = aAsin(wt) cos(8) 2)

Where € and a are the angular position of resolver shaft
and transformation ratio between rotor and stator
windings, respectively. The excitation signal V, is also
employed in demodulator to detect the rotor shaft angle
signals of both Vg and Vg,. The output signals of
demodulator, Vi, and Vs, can be given by

Vgin = sin(0) (3)
Veos = cos(0) 4)

The angle signal Vg, in form of sine function is applied
into sine-to-triangular converter while Vs in form of
cosine function is employed to produce logic control

signals, ¢ and ¢ for control the operation of

triangular-to-sawtooth converter. The obtained triangular
signal Vy; is rearranged by using triangular-to-sawtooth
converter with logic control signals to produce the
sawtooth signal related linearly with angular position of
resolver. It should be noted that the achieved output
signal Vg, of the proposed converter is proportional to
rotor shaft angle 6.

Resolver
T T T T T N
: |
g 5 v, | ’/0_5 1%
o = t NS H cos | .
z ® i - >  Logic control
2 o I R H Sz VSZ =4
c < | 8 | » = —
£ o > =
v, &b _L | | 2 ¢ ¢
(=}
= | I £ y y v
I S v, | & [ Yo, | Sine-to-triangular | Vii | Triangular-to-sawtooth | * o
| /I = converter ” converter
N — e — — —_ =

Fig. 1 Principle of the proposed resolver-to-DC converter.
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3. CIRCUIT DESCRIPTION

The proposed converter using commercial available
circuit building blocks demonstrates in Fig. 2. Each of
building blocks can be explained as follows.

3.1 Demodulator

Demodulator [8] used in this paper comprises
comparator A;, two monostable multivibrators (MN;
and MN,) and two sample and hold circuits (S/H; and
S/Hy). A, is employed for comparison between
excitation signal V, and ground potential to generate
square wave signal. The rising edge of square wave
signal is used to trigs MN; for generating for quarter
cycle delay. The falling edge of output of MN, forces
MN, to generate the control signal for S/H, and S/H, to
hold the peak amplitude of angular signals from V; and
Vg, respectively. Therefore, angular signals, Vg, and
Vs, in form of sine and cosine functions are achieved at
the output of S/H; and S/H,, respectively. Details of the
demodulation are reported in [8].

3.2 Sine-to-triangular converter and logic control

Vin and Vs are applied simultaneously into
sine-to-triangular converter and logic control circuit,
respectively. Sine-to-triangular converter [9] used in
this paper is based on the use of triangular-to-sine
converter [10] connected in the feedback path. Angular
signal Vg, is compared to voltage V, generated from
triangular-to-sine converter. Sine-to-triangular converter
consists of summing amplifier, triangular-to-sine
converter and voltage follower formed by operational
amplifier (opamp) A, and resistors Ry - R4, operational
transconductance amplifier OTA; and resistor Rs, and
opamp A;, respectively. The output Vi of
sine-to-triangular converter is in the form of triangular
signal. Opamps A4 and As function logic control circuit.
Voltage Vs in form of cosine function is used to

Resolver

Vcos H

generate two control logic signals, ¢ and ¢ , which have
only the logic state either “0” and “1”.

3.3 Triangular-to-sawtooth converter

Voltage Vyi in form of triangular function is
piecewise-linear function of rotor shaft angle by divide
into four sections, i.e. 0 — /2, w/2 — w, ® — 3n/2 and
31/2 — 2. To improve results of resolver converter, Vy;
is applied into triangular-to-sawtooth converter to
produce the linear function of rotor shaft angle over 0 —
2n. The proposed triangular-to-sawtooth converter
consists of opamp A, resistors Rg and R;;, and analog
switch sw; and sw,. In order to obtain the ease of design,
voltage Vyi is fed into voltage amplifier formed by
opamp Ag and resistors Ry and R; to set the maximum
amplitude of Vi equal to 500mV. The output V; of
voltage amplifier is transferred to triangular-to-sawtooth
converter. Analog switch sw; and sw, are controlled by
¢ and ¢ , respectively. The constant voltages Ve =
+500mV and V. = -500mV are used to shift level of V..
Resistors Rg = Rg = Rjp = Ry, = 2R}; = R are assigned. In
the case of ¢ = “1" and 5 = “0”, the output Vy, can be
expressed as

Vout :Vt _Voff - (%)

Case of ¢ = “0” and ;Z= “1”, the output Vo can be
given by

Vour = Vi + Vst 4 (6)

The signal waveforms of operating in each case are
shown in Fig. 3. It can be seen that the output of
triangular-to-sawtooth converter is linearly proportional
to rotor shaft angle € of resolver signal referred to
cosine function.

Sinusoidal
generator

Vsin"' Ry

= Demodulator

Sine-to-triangular
converter

% Rs Triangular-to-sawtooth
converter

Fig. 2 The proposed converter using commercial available devices.
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Fig. 3 Signal waveforms of operating in each case.

4. EXPERIMENTAL RESULTS

To verify the performance of the proposed
resolver-to-DC converter, the circuit in Fig. 2 is
experimentally implemented using commercially
available devices and circuit parameters as summarized
in Table 1 and Table 2. The resolver of SANYO
DENKI 101-4100 is used with 3kHz excitation signal
of 5Vpp and driven by dc motor at 3000rpm.

Table 1 Devices used for implementation of Fig. 2.

Device Part Number
Switch (swy, sw,) and S/H;, S/H, CD4066
Monostable (MN,;, MN,) CD4528
Opamp (A - A7) LF353
OTA, CA3280

Table 2 Parameters set in practical realization of Fig.2.

Parameter Value
Supply voltages, Vcc, -Vss 5V
Ri, R4, Rs 1kQ
R2, R3, Re, Ry,
10k
Ry, Ro, Rios Rix 0
Rii 5kQ
ls 100pA
Constant voltages Vs, -V 500mV
The frequency of sine wave signal from

demodulator is equivalent to 50Hz. The results of
demodulator of resolver signal and sine-to-triangular
converter have been detailed in [8] and [9],
respectively. The performance of triangular-to-
sawtooth converter shown in the form of error
between the expected and obtained sawtooth signals
in full range of 0 — 360 degree sinusoidal signal is
demonstrated in Fig. 4. From Fig. 4, the maximum

1701

error of triangular-to-sawtooth converter about
50mV is observed. Fig. 5(a) and 5(b) illustrate the
related signals of Vi, Veos, Vi, Vour and logic control

state pand¢ . In Fig. 5(b), the obtained sawtooth

signal can be achieved closely the expected value by
adjusting parameter of sine-to-triangular converter

[9].
5. CONCLUSION

The paper presents resolver-to-DC converter using
only commercial available devices. Therefore, the
proposed circuit provides the economical attraction.
The output of the proposed converter can be achieved
to proportion to the position of rotor shaft angle. The
proposed circuit performance is confirmed by
experimental implementation.

M1.00ms A £ 400mV

+¥ 2.90000ms
Fig. 4 The error of triangular- to-sawtooth converter.

(a) Chl: voltage Vg,
Ch3 : voltage Vot
Ref2 : state ¢

Ch2 : voltage V;
Ch4 : voltage Vs

Refl : state ¢
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Abstract—This paper presents an interfacing circuit for
capacitive sensor using charge amplifier formed a capacitance-to-
voltage converter. The proposed circuit is suitable for the front-
end analog-to-digital converter (ADC) and wide variable range of
sensing capacitance. The achieved output voltage provides a
linear transfer characteristic and fast response. The circuit
configuration is implemented using only commercially available
devices. The performances of proposed circuit are confirmed by
experimental results.

Keywords—capacitive sensor; interfacing circuit; capacitance-
to-voltage converter; sample-and-hold circuit

I. INTRODUCTION

The detection of physical quantities using capacitance
property is widely applied in industrial process control,
measurement and instrumentation systems. The capacitance
variation of capacitive sensor is depended on the change of
physical quantities such as displacement, pressure, weight,
humidity, flow and liquid level [1-4]. The achieved capacitance
from capacitive sensor converted to electrical signal can be
found in many techniques [2, 5-10]. The method for converting
capacitance to frequency or interval time has been proposed in
literature [6-9]. Unfortunately, the specific circuit building
blocks are required for these approaches. The circuit design
technique to interface capacitive sensor based on the use of
capacitance-to-voltage converter has been introduced [2, 5, 10].
Two earlier approaches [2, 5] are suitable in the term of
integrated circuit. Therefore, an inconvenient will occur during
implementing of these approaches. Interfacing circuit design
for capacitive sensor using commercial available devices has
been introduced [10]. This approach is suitable for being the
front end circuit of ADC due to the obtained output of this
technique as the sample-and-hold signal. The charge amplifier
and amplitude detector is employed for this technique.
Nevertheless, detecting the voltage amplitude from charge
amplifier requires twice of the period of the sinusoidal
excitation signal. Therefore, time response to varying
capacitance of this approach is quite low. If detecting time is
reduced, the response time will be faster. The aim of this paper
is to propose the interfacing circuit, which improves the
response of the literature [10], for capacitive sensor. The
proposed scheme is suitable as the front end circuit of ADC.
Detecting time for capacitance change is used only a period of
sinusoidal excitation signal. The circuit configuration
implements using only commercial available devices.

978-1-4673-7863-5/15/$31.00 ©2015 IEEE 313

Experimental results showing the performance of proposed
converter are also included.

II. CIRCUIT DESCRIPTION

Block diagram of the proposed technique to realize
interfacing circuit for capacitive sensor is shown in Fig. 1. The
configuration of proposed converter comprises of capacitance-
to-voltage converter function from charge amplifier and
amplitude detector based on sample-and-hold circuit. The
amplitude of voltage V¢ is depended on the capacitance Cy
from sensor. Then amplitude detector is used to find out the
voltage amplitude V¢ which is the output signal of proposed
interfacing circuit.

A. Capacitance-to-Voltage Converter

Capacitance-to-voltage converter in Fig. 1 is based on the
use of charge amplifier as shown in Fig. 2. Operational
amplifier (opamp) A, resistor Ry, and capacitors Cx and C;
function the charge detector. The voltage Ve, with sinusoidal
waveform is the excitation signal applied into charge detector.
Thus, the relation between voltage Ve, and output voltage V,
of charge detector can be given by

ja)CXRf (1)
joCiRs +1 &

where @ denotes the angular frequency of the excitation
voltage generated from sinusoidal signal generator. Cy defines
the sensing capacitance from capacitive sensor.

It can be seen that the output voltage of charge detector V,
is in form of sinusoidal wave with amplitude depending on the
value of capacitance Cy. Due to the voltage V; is quite small,
the voltage amplifier formed by opamp A, and resistors R; and
R, is employed to gain for the suitable voltage. Thus the
output voltage V¢ of capacitance-to-voltage converter can be
expressed as

jaCy R
AL 1 s AL V) )
Rl JQﬁfRf +1

If jwCR >> 1 is set, then the voltage V¢ can be approximated
as
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Capacitance-to-Voltage | Ve Vou

Converter

Amplitude
Detector

Fig. 1. Block diagram of the proposed interfacing circuit technique.
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+
Fig. 2. Capacitance-to-voltage converter based on charge amplifier.
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Ve =—22Xv, 3)
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From (3), it is clearly seen that the amplitude of voltage V¢
depends on the capacitance Cyx while resistors R; and R,,
capacitor C; and voltage Vg are fixed. Then the voltage V¢ is
transferred to amplitude detector to remove sinusoidal signal
and produce the dc voltage related to the sensing capacitance
Cx.

B. Amplitude Detector

The configuration of amplitude detector used [11] consists
of sample-and-hold circuit S/H, two monostable multivibrators
MN; — MN, and comparator CP, as shown in Fig. 3. The
voltage V¢ with amplitude related the capacitance Cx and
existing excitation signal Ve in form of sinusoidal wave is
applied into S/H controlled by S/H control signal V; to
produce the output voltage Vo of proposed interfacing circuit.
Comparator CP; is used to compare the sinusoidal excitation
signal Vg with ground potential for generating the square
wave V, with 50% duty cycle. The rising edge of square wave
signal V, is exploited to trig MN; for produce the positive
single pulse. The pulse width of obtained output signal from
MN; is one-fourth of excitation time period. The falling edge
of single pulse is used to trig MN, for generating the S/H
control signal Vj for hold the peak amplitude of excitation
signal. The dc voltage V, related capacitance Cy is obtained
at the output of S/H. The operating waveform sketches of each
node (Vey, Ve, Vo, V3 and V) in Fig. 3 are shown in Fig. 4. It
should be noted that the output voltage V,, of the proposed
converter relating with the value of capacitance Cx from
Sensor.

III. EXPERIMENTAL RESULTS

To verify the proposed principle, the converter including
charge amplifier in Fig. 2 and amplitude detector in Fig. 3 was
experimentally implemented using commercial available
devices and circuit parameters as summarized in Table 1 and
Table 2, respectively. Voltage gain of A, was set to 20 times.
The performance of amplitude detector is shown in Fig. 5
where V¢ and Vi are 10kHz sinusoidal with amplitude varied
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Vuu/
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monostabl
¥ multivibrator
MN,
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A multivibrator
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Fig. 3. Amplitude detector.

Va

ﬁ v

Fig.4. Operating waveform sketches of each point in Fig. 3.

0V to 5V, and 2V,, amplitude of 10kHz sinusoidal signal,
respectively. From Fig. 5, the upper and lower traces
demonstrate voltage V¢ and output voltage Vo of amplitude
detector, respectively. It can be seen that amplitude detector
used in this paper spend a period of excitation signal for
detecting time of capacitance Cyx change. From (2),
Capacitances C¢ = 0.0005uF, 0.005pF and 0.05puF were
selected for suitable range of capacitance Cy from sensor. The
10kHz sinusoidal excitation signal Ve of 2V, amplitude was
applied into the circuit. Figs. 6(a) — 6(c) demonstrate the plots
of output voltage V, against sensing capacitance Cy varied in
ranges of 0.InF — InF, InF — 10nF and 10nF — 100nF,
respectively.
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TABLE 1. DEVICES USED FOR IMPLEMENTATION OF THE PROPOSED
INTERFACING CIRCUIT
Device Part Number

Opamp (A - Ay) LF351

Sample and hold (S/H) LF398
Comparator (CP,) LM339

Monostable multivibrator
CD4528
(MN;-MN,)

TABLE II. PARAMETERS SET FOR IMPLEMENTATION OF THE PROPOSED

INTERFACING CIRCUIT
Parameter Value
Vb, —Vss 7.5V
R¢ 100kQ
R; 15kQ
R, 300k

chi 5.00V 5.00V M 400ps A Chil # —4.30V

Fig.5. Measured signals (V¢ and V) of amplitude detector.

The error of obtained output voltage Vo, from the expected
value is also illustrated in Fig. 6. It should be noted that the
worst-case error is less than 25mV. It is evident that the
proposed interfacing circuit can convert correctly the
capacitance from capacitive sensor to dc voltage. Moreover,
response time of this proposed scheme can be reduced to 50%
from the literature [10].

IV. CONCLUSION

Interfacing circuit for capacitive sensor has been introduced
in this paper. The proposed circuit using only commercial
devices provides simple configuration and low cost. The
obtained output voltage is proportional to the sensing
capacitance. The response time to the change of sensing
capacitance from sensor is used only a period of the excitation

signal. Experimental results verifying the performance of the
proposed circuit are agreed with the expected values.
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4 r 0.03
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3 0.01 S
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525 8
> o
2 r -0.01
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14 r -0.03
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(a)
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2
5
£
m
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Fig.6. Plots of the output voltage versus varied sensing capacitance Cx
(a) 0.1nF — InF range
(b) InF — 10nF range
(c) 10nF — 100nF range.
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Fu puvde  [penidefu UYARINT QUAIUY UMY gy
Adathngn| Amouunu | evldaoy Faonsglan | dnagsinsd
suUTzaNARldTUNTOuR (M) 3,000,000.00
Frunuiuiilédu (ed 1 = 85%) 1,460,000
Suuiuilédu il 2 = 15%) 950,000
Frunuiuitlddu (el 3) 465,000.00
wn Aldane (ﬂ%ﬂﬁ ) 1,497,758.53 - - 59,801.00 937,957.53 - 500,000.00 | 1,497,758.53
Anldane (ﬂ%ﬂ‘ﬁ 2) 118,622.64 - - 2,210.95 116,411.69 - - 118,622.64
Aldane (ﬂ%’jﬂﬁ 3) 1,259,780.89 - - 25,441.46 | 1,234,339.43 - - 1,259,780.89
anldae (adeil ) - - - - - - - -
ulsznannde 2,875,000.00 | D SRR
Teazdenaldine
afedi 1
AR 500,000.00 | 500,000.00
22/04/57 [mUnTmuANieu TI101/2014 642.00 642.00
02/05/57 |Toner HP BC14007160 600.00 600.00
16/05/57 | PLA filament 1.75 6,230.00 6,230.00
16/05/57 |%#1 nozzle 1,000.00 1,000.00
17/05/57 |Harddisk 2TB 31-P01-156656 4,190.00 4,190.00
21/05/57 |viesiily (vernier) 840.00 840.00
23/05/57 |gunsaldwmiulasiaianiasiiond 3 I3 076218 1,591.00 1,591.00
09/06/57 |gunsaldidnvsedind 480.00 480.00
09/06/57 |aunsaldidnvseiind 635/0212 2,221.32 2,221.32
09/06/57 |wuiwasuaziinos 570500105939 6,000.00 6,000.00
09/06/57 |aunsaididnvseind 7094 90.95 90.95
16/06/57 |micro SD 840.00 840.00
16/06/57 qﬂﬂiﬁﬁalﬁﬂ‘wmﬁﬂﬁ 635/0946 528.47 528.47
25/06/57 |gunsaldwmiulassaianiosiiond 3 i3 0133 5,093.20 5,093.20
27/06/57 Qﬂﬂ’iﬂjal,ﬁﬂ‘ﬂiaﬁﬂé 1731 27,927.00 27,927.00
27/06/57 |gunsaiddnnseiind 1732 35,203.00 35,203.00

o o
w1
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Juiinsienssu-ineku 1a5ans3de dygynaail .....KREF 115701...... AAuAIUA .....1 UN3IAU 255T........... feTuil .....30 Hquisu 2562..........

uviden: NeanuIde dartumalulagnszaaundndinumvisatanseds
Falasenis : NIRAUILATESAWENTRALUUKAERINUNKAZILUUAIUANNSDNN ISR InaN WL InG DY
Faviwmihlasang: A.a5.3udb 59591

v/l 378013 iavfignadia 37955V - 918 185U 319978 Ry
Fu 9 puvde  |penidedu UYARINT QUAIUY UMY g3y

04/07/57 |gunsniBidnnsetind 638/0497 373.43 373.43
04/07/57 |gunsaiddnnseiind 238/14070447 478.00 478.00
04/07/57 |gunsaididnwseding 23B/14070448 165.00 165.00
04/07/57 |gunsaiddnnseiind 23B/14070459 112.00 112.00
04/07/57 |gunsaididnwseding 23B/14070462 7,630.00 7,630.00
05/07/57 |wiade 111280047990 4,811.00 4,811.00
09/07/57 |gunsaiBidnnseiinduaziguiyes SD570709001 30,000.00 30,000.00
12/07/57 |wilsde 111240011202 2,759.00 2,759.00
16/07/57 [lulasidnea 57C/01394 2,054.00 2,054.00
28/07/57 |punsaidmiulassadraedosiinni 3 H7 283168 839.00 839.00
28/07/57 |aunsaldmiulasiaianiasiiond 3 i3 283169 4,886.00 4,886.00
30/07/57 |gunsaldmiulassaianiosiiond 3 i3 8,300.00 8,300.00
06/08/57 |gunsaididnvseding 642/0495 371.29 371.29
06/08/57 |wusimed 570500004195 740.00 740.00
06/08/57 |gunsaididnvseding 23B/14080489 2,608.00 2,608.00
06/08/57 |gunsaldidnvsedind 23B/14080495 176.00 176.00
06/08/57 |aunsaididnvseiind 1,572.00 1,572.00
14/08/57 |loFdSagy D14/1829 1,926.00 1,926.00
21/08/57 |gunsniBidnnsetind SD570816002 21,000.00 21,000.00
21/08/57 |gunsaiddnnseiind 644/0104 641.32 641.32
22/08/57 |aunsaineuiiume’ 5708/0187 104,850.02 104,850.02
27/08/57 [lefidsagd 622/0831 543.56 543.56
28/08/57 |gunsniBidnnsetind 35919410 496.00 496.00
02/09/57 |gunsaiddnnseiind 238/14090230 364.00 364.00
02/09/57 |gunsaididnwseding 645/0757 159.32 159.32
02/09/57 |ball screw 2,000.00 2,000.00
09/09/57 |AAunslutiaustay (conference) 52,231.00 52,231.00
16/09/57 |aunselddnvseiind SD570929002 25,000.00 25,000.00
19/09/57 |gunsaldwmiulassasraiedosiiant 3 G RE1409104 5,885.00 5,885.00
20/09/57 |gunsaldwiulassaraniosiiond 3 i3 RE1409105 5,885.00 5,885.00
21/09/57 |aunsnineuiiumes 00-570917788 480.00 480.00
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Juiinsienssu-ineku 1a5ans3de dygynaail .....KREF 115701...... AAuAIUA .....1 UN3IAU 255T........... feTuil .....30 Hquisu 2562..........

uviden: NeanuIde dartumalulagnszaaundndinumvisatanseds
Falasenis : NIRAUILATESAWENTRALUUKAERINUNKAZILUUAIUANNSDNN ISR InaN WL InG DY
Faviwmihlasang: A.a5.3udb 59591

Vo 18N15 laviténstia 37955V - 918 185U 319978 Ry
Fu 9 puvde  |penidedu UYARINT QUAIUY UMY g3y

03/10/57 |gunsninauiiune’ 185455 36,500.38 36,500.38
04/10/57 |aunsalreuiiume’ 390.00 390.00
08/10/57 |gunsninauiiune’ 185475 35,400.95 35,400.95
16/10/57 [loTd5agu 651/0459 134.02 134.02
18/10/57 |gunsaiddinnseiind 900.00 900.00
22/10/57 |gunsaiddnnseiind SD571022001 32,000.00 32,000.00
30/10/57 [loBdudagy 653/0091 109.57 109.57
30/10/57 [loTd5agu 23B/14102550 112.50 112.50
06/11/57 |aliexpress from 24Apr2014-6Nov2014 58,183.61 58,183.61
10/11/57 |gUnseididnnsetinduaslasasnaadosiisn SD571110002 19,000.00 19,000.00
13/11/57 |gunsaldwmiulassadraedosdiant 3 G RE1411127 1,926.00 1,926.00
13/11/57 |gunsaldwmiulassadrandosiiant 3 G RE1411128 1,926.00 1,926.00
19/11/57 |gunseiddinnseiind SD571119001 37,000.00 37,000.00
20/11/57 |gunsalreuiiume’ 185617 11,256.40 11,256.40
21/11/57 |vievn 63.00 63.00
21/11/57 |gunsaldwiulassaraniosiiod 3 i3 960.00 960.00
21/11/57 |gunsaldwiulassaiaeiosiion 3 i3 3333 1,064.95 1,064.95
09/12/57 |aunsaididnvselinduaznouiines 185711 41,225.50 41,225.50
11/12/57 |gunseiddinnseiind 658/0626 85.28 85.28
11/12/57 |leddSagy 9768 262.15 262.15
11/12/57 |gunseiddinnseiind 45619 77.04 77.04
11/12/57 |gunselddnvseiind 55090 6,500.25 6,500.25
12/12/57 |gunseiddinnseiind SD571002001 40,000.00 40,000.00
06/01/58 |gunsaididnnseiind GPC/0000392 8,988.00 8,988.00
12/01/58 |gunsaldwmiulassasraedosdian 3 G 1,480.00 1,480.00
14/01/58 |aunseldidinvseiind SD580114001 38,000.00 38,000.00
16/01/58 |gunsaldwmiulassadraedosdiant 3 G 48188 4,836.40 4,836.40
21/01/58 |gunsaiddnnseiingd 23B/15011370 1,950.00 1,950.00
21/01/58 |gunsnididnnseiind 662/0741 771.47 77147
22/01/58 |gunsaldwiulassaraniosiiud 3 i3 550.00 550.00
22/01/58 |gunsaldwmiulassaiaeiasiiun 3 i3 174.00 174.00
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Juiinsienssu-ineku 1a5ans3de dygynaail .....KREF 115701...... AAuAIUA .....1 UN3IAU 255T........... feTuil .....30 Hquisu 2562..........

uviden: NeanuIde dartumalulagnszaaundndinumvisatanseds
Falasenis : NIRAUILATESAWENTRALUUKAERINUNKAZILUUAIUANNSDNN ISR InaN WL InG DY
Faviwmihlasang: A.a5.3udb 59591

Vo 378013 iavfignadia 37955V - 918 185U 319978 Ry
Fu 9 puvde  |penidedu UYARINT QUAIUY UMY g3y

24/01/58 |aunsaldmiulasiaianiasiiond 3 i3 13744 813.20 813.20
24/01/58 |gunsaldwiulaseaianiosiiond 3 i3 2894 588.50 588.50
27/01/58 |gunsnididnnsetind 600.00 600.00
28/01/58 |uaintusaine’ 039 6,000.00 6,000.00
28/01/58 |qunsaldmiulassadraniosiivn 3 I 330.00 330.00
28/01/58 |gunsaldwiulassaraniosiiud 3 i3 180.00 180.00
28/01/58 |qunsaldmiulassadhaniosiivn 3 I 120.00 120.00
28/01/58 |aunsaldmiulasaaihaniosiiuni 3 {3 95.00 95.00
30/01/58 |aunsaldidnnseiind 23B/15012217 2,970.00 2,970.00
30/01/58 |wuias 105780 873.83 873.83
30/01/58 |aunsaldidnvseiind RE15010043 6,955.00 6,955.00
04/02/58 |gunsaiddnnseiingd 0517 1,177.00 1,177.00
04/02/58 |gunsaldwmiulasearaniasiiund 3 i3 580133 128.40 128.40
09/02/58 |gunsaiddnnseiingd 39501392 3,798.50 3,798.50
10/02/58 |gunsnineuiiames 185957 25,000.55 25,000.55
12/02/58 |gunsalrauiiame’ 185967 25,000.02 25,000.02
12/02/58 |gunsniddinnseiind 800.00 800.00
14/02/58 |gunsaldwmiulassadraedosiian 3 I 15000000299 135.00 135.00
15/02/58 |gunsniddinnseiind 250.00 250.00
15/02/58 |gunsalreuiiame’ 0176258 22,900.00 22,900.00
16/02/58 |gunsnineuiiames 185979 25,000.55 25,000.55
16/02/58 |aunselddnvseiind 108618 1,250.00 1,250.00
18/02/58 |gunsniddinnseiind 5,120.00 5,120.00
18/02/58 |aunselddinvseiind 1,570.00 1,570.00
18/02/58 |gunsniddinnseiind 1,600.00 1,600.00
18/02/58 |gunselddnvseiind 100.00 100.00
19/02/58 |gunsniddinnseiind SD580219002 28,000.00 28,000.00
25/02/58 |gunsaiddnnseiingd 62940 1,073.50 1,073.50
25/02/58 [loTdusagy 667/0344 528.58 528.58
06/03/58 |gunsaldwmiulassaianiosiiond 3 i 63068 2,636.25 2,636.25
12/03/58 |gunsniddinnseiind 186073 18,000.08 18,000.08
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Juiinsienssu-ineku 1a5ans3de dygynaail .....KREF 115701...... AAuAIUA .....1 UN3IAU 255T........... feTuil .....30 Hquisu 2562..........

uviden: NeanuIde dartumalulagnszaaundndinumvisatanseds
Falasenis : NIRAUILATESAWENTRALUUKAERINUNKAZILUUAIUANNSDNN ISR InaN WL InG DY
Faviwmihlasang: A.a5.3udb 59591

Vo 18N15 iavfignadia 37955V - 918 185U 319978 Ry
Fu 9 puvde  |penidedu UYARINT QUAIUY UMY g3y

16/03/58 |gunsaiddnnseding 39045494 759.70 759.70
18/03/58 |gunselddinvseiind 186088 22,000.27 22,000.27
19/03/58 |gunsaiddnnseding 5803-BR10-00240 1,113.00 1,113.00
24/03/58 |gunsaiddnnseiingd 186108 15,001.40 15,001.40
07/04/58 |gunsaididnvseding 672/0809 1,016.75 1,016.75
07/04/58 |gunsaldwiulaseaianiosiiond 3 i3 VA15040036 2,386.10 2,386.10
07/04/58 |aunsaldwmiulaseaianiasiiun 3 i3 3254 1,819.00 1,819.00
07/04/58 |gunsaldwmiulassairaiedosiiun 3 HA 0637 856.00 856.00
07/04/58 |aunsaldmiulasiaianiasiiund 3 i3 23B/15040488 464.00 464.00
09/04/58 |gunsaldwiulassaraniosiiond 3 i3 V5800473 1,669.00 1,669.00
09/04/58 |aunsaldwmiulassaraniasiiu 3 i3 LN50094837H2 2,439.00 2,439.00

A 1 59,801.00 |  937,957.53 1,497,758.53
asdt 2
11/05/58 [Toner HP ABC150500906 2,860.00 2,860.00
14/05/58 |gunsaidmiulassaraedosiun 3 I3 350.00 350.00
28/05/58 |wwuiges GNC1505/000001 1,945.26 1,945.26
03/07/58 |gunsaldmiulassaiianiosiiuni 3 {3 C5255807/00008 2,600.10 2,600.10
06/07/58 |qunsaldmiulassadraniosiisn 3 I 1,030.00 1,030.00
19/08/58 |gunsaldmiulassadraindosiian 3 G 3511 1,889.00 1,889.00
26/08/58 |gqunsaldmiulassadhanTosiivn 3 I 300.00 300.00
26/08/58 |wuiges 150.00 150.00
28/08/58 |gunsaididnnseiind MT5808-1188 631.30 631.30
28/08/58 |gunsaldidnvsedind 1,985.00 1,985.00
01/09/58 |gunsaldidnusedind 4020 460.10 460.10
14/09/58 |aunseldidinvseiind PU B50904971 21,079.00 21,079.00
17/09/58 |wwuiwos 495.00 495.00
17/09/58 |\wuiwes 165.00 165.00
17/09/58 |gunsaiddinnseiind (€S5808003072 120.00 120.00
17/09/58 |aunselddnvseiind 128.00 128.00
30/09/58 |PLA 1,000.00 1,000.00
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uviden: NeanuIde dartumalulagnszaaundndinumvisatanseds
Falasenis : NIRAUILATESAWENTRALUUKAERINUNKAZILUUAIUANNSDNN ISR InaN WL InG DY
Faviwmihlasang: A.a5.3udb 59591

v/l 378013 iavfignadia 37955V - 918 185U 319978 Ry
Fu 9 puvde  |penidedu UYARINT QUAIUY UMY g3y

04/10/58 |PLA 1,000.00 1,000.00
26/12/58 |gunsaldwiulassaianiosiiond 3 i3 285.00 285.00
05/01/59 |aunsaldwmiulaseaianiasiiond 3 i3 OR590000027 621.14 621.14
03/02/59 |gunsaididnnseiingd 709/0620 1,210.81 1,210.81
09/02/59 |gunsaiddnwseding 227.50 227.50
09/02/59 |gunsaididnnseiingd 303.30 303.30
10/02/59 |gunseiddinnseiind 413.66 413.66
15/02/59 |Heater 2559-19 400.00 400.00
19/02/59 [le@id5a3y 746.50 746.50
19/02/59 |gunsaidwiulassaraedosdian 3 1@ 175.00 175.00
25/02/59 |aliexpress from 9Jul2015-25Feb2016 31,172.98 31,172.98
25/02/59 |gunsaiddnnseiingd 250.00 250.00
29/02/59 |gunsniBidnnsetind 1,010.00 1,010.00
03/03/59 |gunsaiddnnseiingd 105.00 105.00
04/03/59 |shipping 1,758.52 1,758.52
08/03/59 |shipping 452.43 452.43
11/03/59 |gunsaiddinnseiind 350.00 350.00
21/03/59 |gunsaiddnnseiind 380.00 380.00
22/03/59 |gunsnididnnsetind 130.00 130.00
24/03/59 |gunsaiddnnseiingd 1600000808 296.00 296.00
29/03/59 |gunsaididnnsetind V5903047 678.38 678.38
06/04/59 |gunsaldmiulassaianiosiiond 3 i3 90.00 90.00
06/04/59 |aunsaldmiulasiaianiasiiont 3 i 140.00 140.00
11/04/59 |gunsaldwmiulassadraedosiiant 3 I 3,000.00 3,000.00
17/04/59 |gunsnineuiinnes 05-P01-296330 31,990.00 31,990.00
19/04/59 |aunselddnvseiind 1,720.00 1,720.00
10/05/59 |gunsniddinnseiind 1,700.00 1,700.00
25/05/59 |gunsaiddnnseiingd 722/0572 413.66 413.66
25/05/59 |gunsaiddnvseding 23/16051505 415.00 415.00

59uASSH 2 - - 2,21095|  116,411.69 - - 118,622.64

i 6
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uviden: NeanuIde dartumalulagnszaaundndinumvisatanseds
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Fu 9 puvde  |penidedu UYARINT QUAIUY UMY gy

afeil 3

01/06/59 |gunsaididnnseiingd GNC1606/000001 18,917.60 18,917.60
10/06/59 |aunsnineuiiames 187772 23,507.90 23,507.90
16/06/59 |aunsalreuiiame’ 187793 18,553.80 18,553.80
23/06/59 |aunsaineuiiune’ 187811 21,700.14 21,700.14
27/06/59 |aunsalreuiiune’ 187826 16,253.30 16,253.30
14/07/59 |page charge IREE 14,711.56 14,711.56
17/07/59 |wilsde 111210024655 3,344.75 3,344.75
31/07/59 |nilsde 111220014094 2,052.00 2,052.00
15/08/59 |aunselddnvseiind SD590816002 16,650.00 16,650.00
04/09/59 |aunsaineuiiumes 188142 19,506.10 19,506.10
08/09/59 |aunsalreuiiume’ 188172 23,400.90 23,400.90
16/09/59 |gunsaiddinnseiind SD590916001 17,850.00 17,850.00
22/09/59 |gunsaiddnnseiingd 120560 595.00 595.00
22/09/59 |qunsaldmiulassadraniosiisn 3 I 1,200.00 1,200.00
04/10/59 |Toner HP 890.00 890.00
05/10/59 |aunsnineufiames 188301 18,700.93 18,700.93
13/10/59 |gunsalreuiiame’ 188340 24,301.84 24,301.84
17/10/59 |gunsnineuiiumes 188356 19,401.24 19,401.24
20/10/59 |qunsaldwiulassadraniasiiu 3 I 700.00 700.00
21/10/59 |aunsnineuiiumes 188378 25,102.20 25,102.20
25/10/59 [lo@dnsagy 741/0457 220.53 22053
26/10/59 |aunsalneuiiune’ 188391 13,203.80 13,203.80
07/11/59 |gunsaldmiulasearaniosiiond 3 i3 135.00 135.00
07/11/59 |qunsaldmiulassadraniosiinn 3 I 3,350.00 3,350.00
08/11/59 |gunsaididnnseiind 743/0389 1,572.73 1,572.73
09/11/59 |aunsaldwiulassaaeiasiiun 3 i3 IV5911-0113 513.60 513.60
21/11/59 |aunsalreuiiume’ 188495 15,450.80 15,450.80
25/11/59 |aunsnineuiiumes 188517 19,700.31 19,700.31
26/11/59 |shipping 2,179.15 2,179.15
30/11/59 |gunsalpeuiinmes 188541 20,854.30 20,854.30
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Fu 9 puvde  |penidedu UYARINT QUAIUY UMY g3y

07/12/59 |shipping 1,000.00 1,000.00
14/12/59 |aunsaldidinvseiind SD591214001001 16,200.00 16,200.00
04/01/60 |gunsaididnwseding SD600104001 15,400.00 15,400.00
20/01/60 |gunsaididnnseiingd SD600120001 14,250.00 14,250.00
20/02/60 |aunsaineuiiunes 188818 19,805.70 19,805.70
22/02/60 |aunsalreuiiune’ 188825 22,100.85 22,100.85
27/02/60 |aunsaineuiiune’ 188836 23,101.30 23,101.30
03/04/60 |PLA filament 1955 2,655.00 2,655.00
15/05/60 |aunsnineuiiames 189070 19,402.85 19,402.85
23/05/60 |aunsalreuiiume’ 189096 23,507.90 23,507.90
26/05/60 |aunsaineuiiume’ 189117 17,312.60 17,312.60
28/05/60 |color toner Brother 102-000206 8,200.00 8,200.00
30/05/60 |gunsaineuiiames 189125 21,806.60 21,806.60
30/05/60 |toner HP 890.00 890.00
06/07/60 |gunsaididnwseding 215.00 215.00
08/07/60 |gunsaldmiulaseaianiosiiond 3 i 535547 812.86 812.86
10/07/60 |gunsaldmiulassadraiedosiiant 3 G 23B/17070522 580.00 580.00
10/07/60 |gunsaldmiulassadraedosiian 3 i (CS6000301089 2,550.00 2,550.00
10/07/60 |gunsnineuiiames 189293 19,516.80 19,516.80
11/07/60 |gunsalreniiame’ 189295 16,413.80 16,413.80
13/07/60 |gunsnineuiiame’ 189304 23,112.00 23,112.00
03/10/60 |gunsaldwmiulasearaniosiiond 3 i3 100.00 100.00
03/10/60 |aunsaldwmiulaseaianiasiiond 3 i3 91504 573.50 573.50
07/10/60 [lofidagy 320.00 320.00
07/10/60 [loTduSagy 200.00 200.00
07/10/60 |gunsaididnnseiind 480.00 480.00
07/10/60 |gunsaiddnwseding 360.00 360.00
19/12/60 |aliexpress from 70ct2016-19Dec2017 138,125.59 138,125.59
12/01/61 |gunsaiddnnseding SD610112001 26,022.00 26,022.00
14/01/61 |wilsde 111280288091 2,154.00 2,154.00
06/02/61 |gunsaiddnwseding SD610222002 22,032.00 22,032.00
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21/03/61 |gunsniBidnnsetind SD610321001 24,070.00 24,070.00
24/04/61 |gunsaiddnnseiind SD610424001 28,025.00 28,025.00
18/05/61 |gunsaiddinnseiind V1805001 19,160.00 19,160.00
28/05/61 |\wuigas CS6100305 1,669.20 1,669.20
06/06/61 |aliexpress from 2Apr2018-6Jun2018 4,494.86 4,494.86
10/06/61 |gunselddnvseiind 10718 600.00 600.00
13/06/61 |gunsniddinnseiind CS6103301752 690.00 690.00
17/06/61 |gunsalreuiiume’ 14-P01-259558 890.00 890.00
22/06/61 |gunsaididnnsetind V1806001 27,000.00 27,000.00
16/07/61 |aUnselddnvseiind V187001 29,000.00 29,000.00
07/08/61 |gunsaiBidnnsetind V1808004 21,000.00 21,000.00
24/08/61 |gunsaiddnnseiingd SD610824001 26,080.00 26,080.00
10/09/61 |gunseiddinnseiind V1809003 28,180.00 28,180.00
11/09/61 |gunselddnvseiind 1800002596 158.00 158.00
19/10/61 |gunseiddinnseiind V1810001 26,000.00 26,000.00
20/09/61 |gunsaiddnnseiingd SD610920001 18,100.00 18,100.00
31/10/61 |gunsaiBidnsedind RE-18-009 26,792.00 26,792.00
05/11/61 |gunsaiddnnseiingd SD611105001 19,080.00 19,080.00
16/11/61 |gunsaiddnnseding RE-18-019 27,522.00 27,522.00
04/12/61 |gunsaiddnnseiingd RE-18-036 28,590.00 28,590.00
11/12/61 |gunseiddinnseiind SD620304002 24,360.00 24,360.00
11/01/62 |aunsaldidinnseiind RE-19-036 26,710.00 26,710.00
25/01/62 |gunsniBidnnsetind SD620304003 27,890.00 27,890.00

A3 3 - - | 2544146 | 123433943 - - | 1,259,780.89
nadl 4

i’mﬂ%ﬂﬁ4 - - - - - - -

AOWIMIINATINTG ovrrrevrrrerrrererresennesennssesnesnennes Ui .....30 Tgu1ey 2562.........
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