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ABSTRACT

The design of a lead-wire resistance compensation of a resistance sensor is
presented in this thesis. The proposed technique is suitable for a two-wire resistance
sensor, such as the resistance temperature detector (RTD). For a remote
measurement system, the requirement of the long lead wire brings about an error in
the measurement due to lead-wire resistance depending on the ambient
temperature. The proposed technique provides the compensation of lead-wire
resistance by using a three-step pulse signal to excite the RTD via the long lead wire.
The determination of lead-wire resistance from the proposed procedure needs a
simple computation method carried out by a digital signal processing unit. Hence,
the calculation of RTD resistance and lead-wire resistance can be accomplished
without a high-speed digital signal processing unit. The proposed procedure is
executed on LabVIEW computer programming and microcontroller board to confirm
its efficiency. Experimental results show that the RTD resistance was exactly
acquired. The average power dissipation to the RTD was very low and self-heating of
the RTD was minimized. The proposed circuit technique is low-cost and small in size.

Moreover, well-matched devices are unrequired.
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v A a

aun)il (Temperature) Wudwlsddgfigninnuuazgnaivauuniigalussuy

a

mavihanuluiuenamnssy wuweTingaumaill (Temperature sensor) [Wunilsluwnsuati

Y

= o

wa$ (Transducer) Hunumdrdglunislynuluiiuenavnssuiesnuiaungilvn

dmiunseuiunsfineInsideungiivuuianis FusuiwefinaungilegateUsvnni

'
= Y

a11130dU gl uNTEUIUNTIINUNIPUEREIUNTIN LW e sTidmesNTAduUssans

a &

AUAIUN Ao MVl uay (Negative coefficient thermistor, NTC) Ly utwa3in
QIRVE PR TATEC PR ATUNIU (Resistance temperature detector, RTD) tmasluadila
(Thermocouple) hagleuL¥ashuUsoaraansnifati (Semiconductor junction-based
sensor) [1-3] Wasfiawmasuuu NTC wesluflila waslgwaasuuusossadnsieiagi

Ao4N1T193sUSUanARysy 8 (Signal conditioning circuit) Tun1sinaaumgidmsuiwuiges

N

)

ngaumnluuuanuiunIuduEgesHUULNETN (Passive sensor) wagvininusuvny
g a a ) ! o v a a v

aelulugesiinnisiddeuudaddaudn Wuldeadunsidguuuataungiiuindey

(Ambient temperature) Lt ulgasTngUMTRUUAIHAIUNIUATIWIINUN AT TY

= a

(Platinum, Pt) FefingAnssuwnulustuassniinududn (Accuracy) fananduidadu

v
a v

(Linearity) uazliannuianes (Stability) a9 nvailnansenuandamaiva (Hysteresis effect)
i1 [4-6] Tunsuszgndldnsinugnatmnssy lwulwesingamginuuanudumuiadud
feumndigaiinnlddmsunsinoumadl iosnaniianuwiug waziinnududady
srggNNEUeTIngumgikuuauiumulUgnesuuanm Toueyaudiaanisane s
AN FaagilnAnaadunuwdsluameusazidu anudumungluaedioan
wuwesluauisdmamugy sautanudumusuges AuvanidvinliiAaseuianain
vunlngdmiunisingamgdlunszuviunisnisdugraivnssy snlundidu nis
WasuuwlawesgaumginadewilfiAanisasuuasmnudumunieluaeiidulans

\WesanautRnaidsninuseuvadlans (Thermal property of metal) Failuaniusliinan



Anuiana1nlikiueulunTinaun gl Aet1udu WwuweTingun)liuuuaIy
U a ﬁl 1 U o dld 1 4 3
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ilvAflaningungiinduainidudssann 2.4 ssmigaided [7-11] uanaind Ay
Aun1unind@uia (Contact resistance) YoiUagangseninediunIuANLALITUIRSYN
s luduanuduniuntsTuaedsluingrdnusiazitonsiuinausiuniunigluany
Toidevedsugeiingaumiinuuanusinuniufeauiununeluae dwaunsayawela
lneldiwuwesingumngiuuuauiunIusle 3 ate vse 4 a1e [1-3,12,13] 9235888009
anlnvianuagnimvualiviaie vilvausunuaigluaiemindu Ingund nsiiansan
a £ a § & & Y = a &
gaunnHiveInTeuIuNIsleIesuIAdduiugu [1-3,11,13-15) uavaldeveieasuInife
Fyaraiiewdeyaldlaenssainiashinnlddudedu (Nonlinear) dmsumaialunis
91uA17aYaL UUIBAY (Linear) ¥Bsdya1ad91n2995U303 Aonsldlulasmeulnsaiass
(Microcontroller) hag 293509aTatatmasiuUILaniwdu (Relaxation oscillator) [10] watla
nsyaleA1nuiununelumelagldiwuesinaunginuuanudiumusia 3 a1e
%38 4 @18 AedldMasudyIuna1efIfeTINAULYaII18nsTLE Fasidunisiiuainy
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ms¥aseglnauarnisiavanesiaus Sy n1slfleusesingumndnuueuduniuyia
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Aanainainauduniuaieluats fasudinnudiuniunindudave e suuuniy
Frunuse [7-10,13,16] lgTinsi@usnisvameaianuaananiiinainausunuluane
voawuLwes ingungiinuuanudmmiusie 2 a1o lngldusedusradauuududiiining
wiiugnga (Precision shunt voltage reference) Uaghnadnenseia [17] wedadidunsld
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4dy o a dy ¥ a s a %

1 [7-10,17] n1svi1uveunafiaiazldiasesadaiamasuuuiuanieduuasy
lulaspeulnsaiaes Favafinifesnsdypiunszuawuy 2 fienis (Bidirectional current
. ~ P ¢ | I o A a

signal) evmANUAUMUYRLWYT 0g19lsiny LSeRUTASY (Threshold voltage) ved
lalendouviriuieyilildiianinuianaiaduid siin dmiulaleaiilaaunsdiu
(Mismatched diode) Msasiudasus1eiu 1 Zadlian Arauianainialauseuia 2.5

a L4

29ANLTATEE MYULLDTINDUNYTLUUAINAIUNIU pt100 aldnssuansydu 1 1ad

Y

a

weuUs [11] Balundntiu uswiviiniuvedlalendzdsulumunisildsuuuasesgumngll

Y
1% i v A a a < [
WI0A8Y LUBINUIIAULAAINAAMY (Thermal voltage) 1Wudnwuzianizvesinlon
a e I a s o W 1 a [y £% d‘l = =
ANURANa1nldnaedunsfiwesnd1AyuhgInuausumunsluay ienanides
AuRananaenasdusisdldlalennlndifesseaunsdiu (Matched diode) uslalond
willowiunnusgnislilanunsavildaingunsalnily duluiiimalianldlalen 2 67 I510190
a 1 1o & W D 4 a o v A a v <
wazispuhgliddudedddaunsalianie Bnnausaiudaisuvedlalonanunsasagela auly
Uselewtiagnawnn
TwinerdnusatuillpdiauetunaunimmaAiniusiuniuniunisluaisuas Ay
AunUTs g Uire T Ingangiuuuaua iU lnamadanisidlalen 2 67 Felunaud
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a [

3 1 ) a a ~ a = =
FINLTILAT LN UYN Uﬁzawﬁmwmamwwqmmumaamﬂaﬂumﬂ 30 — 70 29ALUALYYE U
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2.1 nanun

€ &

a s 4 a4 4 Y =% 6 v
wnsuawes Ae aunsalnTeiaIelleiudsuulaindusduuunilelvedly
) = ) s & ) a s o A o
waudngUwuunile wuesilunilsluunsuaiiwes Nauisadeuiiwlimianienw
mand wsen1e@inn Tiidudyaraniedwia lnswuiwosuuuauaIuniu (Resistive
< s o Y v 1 ! (Y a 5

sensor) \Uwwwgasiinldivegvunsvatgluszuunisinuazaiuau Bnnslssendluaiu
VNAIUEAFINNTTY LABLEUGDSHUUAIUAIUNIUALIIMTNUNNTA I3 TANTUABULUA
ANAIUNIUN18TuYITanR 1LY SRR IN19M52930 dy1aerdnadzlaainnis
WaguUasramaunuy

Tuun 9z NauanaNNITANUTIUVIAIATUNIY LHULLOSLUUAIUAIUNIY LAY

UL IR UUANUAIUNIY FIUNINITATIVIAWULBTUUUATILAUNTLTURALT B9

o & ° o Y o
Juiugnulumsthldldaumsnussuunisinnagauny

2.2 AENNITNUFIUVBIAIATUNIULALIBULYDIUUUANAIUNIY [18,19]

o v = I3 A a & A & & wa v

mdumulussdusznaunalniviedidnnselind Fellauaudhlunisdunisivea
Yaensznanazdanuduniussyly dasumuidmudnvaznsidladu 2 aila fe &
FAUNUBUUAIT (Fixed resistor) wag AasunukyuUsuale (Variable resistor) Ingagd

lAs9as1auazn s INUNLANA19IY kaRIRaUN 2.1

FANUNIULUUPST

2
i

FAUNIY

wuvUsuAla —

T

US Europe

—% 5,
NN

(% ¢

5UN 2.1 dydnualdamumu



ANUAUNTY (Resistance, R) veing asduegiugusiauag danimhunldiuniuni

Y

' v
a o v

IWﬂwﬁﬂ’amL“fjJué’mﬁauI@amqﬁ’ummmfgﬁuaﬁmq (Length, L) 837n91uiA1118717010 AL

q

Y !
U za

AUNUYBTINUUATINNLYURY kaEAUAUNTULUSHNRUAUNUT (Area, 4) vasTng n3al

'
[y J [ =

ldTanmneiu anudiuniuvesszyituafsiaiu Jeladinisinuaanmaauiiuniu
(Resistivity, p) vasansiludndiulaensatuausiiuniu anmaudiuniuduguauds

[y 1

aeluvesianiug liduegiususimionna Anuiunuansamlanaunsn (2.1)

1
R=p— (2.1)
pA

LHULEBSHUUAIUATUNIUTNITUTEENA Tl UNTEUIUNTRAAINNT TULATTTUURAIUAY
Tngduunloidu 2 Uszinundn Ao wulgosAINAIUNIULUUANNLANATY (Differential
resistive sensor) LAZLEULEBIAIIUATUNIULUULTIAYT (Single resistive sensor) Tay

6 v Y o 3 I3 U 4 d‘ dl
wuLa SwuUANAUNIuaElidy e dnaluAIn s umunWasuwUasluniy
USUI8uN18 0 MNRNTI2I0 1082 TAMUAUNUS Reens = Ro flx) tilainualy £(0) =1 d1msu

WULYDSHUUMULEY B9850 UIAIAINATUN 1LY DUGULYDS WUUAUAIUNIULAN

AUNS7 (2.2)

Ry = Ry (1+ %) (2.2)

519 Ryens A0 AufIumUofiRRv U SuuuAILF LYY

Ro 8 Anudumusuduue aeugasuuuaiuiumny

x e el Wasuwlasmuuinadinsate
F1an19UABULUaIUE TR 19T X veaweshuUANFILVY %ﬁuagﬁwﬁmm

LHULYDS

2.2.1 WULYDSAMUATUNIULUUAIIULANGS

ULDSAUAUNIULUUAULANANETRIAUsENaUIUNSASINR 2 d1u Tneddu

TAdUni9999n159529TATAMANTY DNEIUVDINITATIVINVLIA1ANAINIUAILUSNABINTIA



Iwnudledimes (Potentiometer) AonilalulgulreiANuUAIUNIULUUAINLANA1IN YL
Wl 1esvearuwesuuuauuand1uanslusy 2.2 lngaunsamaiuduiusues

ANANUANUIN UL UDS AAINAUNITN (2.3)

Rsens = Rsensl + Rsean (23)
e R, =R,(1-x) waz R, = R,(1+x)
A
A
Rsensl Rsensl
@ R — Reselh «—O0C
RsenSZ Rsens2
B
B

JUN 2.2 U9a3AINATUNTLLUUAINKANGI

2.2.2 1 UaANUATUNIULUULT A

wugasALE U ULUUB LRl UsEnoulun SR Tt sdauLRs Nty B4
AfiialauasuLUasusnUsigesnisin wuwesauunuLUULBRR o7 dauduly
TUNUTEUUNTIARATAIUAL LU ALNTINA (Strain gauge) KAITUMRTINGUNATIUUAIY
A1UNIU (Resistance Temperature Detectors, RTDs) NIATLBULED S AR UM ULT f 1
LLamléféfagUﬁ 2.3 TagANMIUAIUNI LY DL TUBS A RANUEURUSLIU Ryens = Ro (1+x)

A

>

Ro

RSEI’[ S

Rox

vy

B

JUN 2.3 ugasAUAMUNIULUUELAYY
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gaumnil Ineseasidunvznanisluidedaly
2.3 [@ULERSINQAMNNLUUANATUNIY [19]

wuwosTngamgiuuuanudiuniu Wulwwgesauiuniukuuiaies 14

=

A9 IR inuNsAsURaaIaNi Ul Tagithunldnuinuainiiande

wWaitiy (Platinum, PH Anuduiusvesn siigunlasnnuiiuniusegungil 411130

asunelemnuaunsi (2.4)

R, =R[1+a(T -T)] (2.9)

118 Reens A AUAIUMNUYDUULDTIADUNATUUUAIINAUN Y

Ry~ Fi9 MNNFAUVNUTDY LR IRMND1984 (0 BerLuaLgea)

o))

T 9 gaumaiiveruigesiumiigveasmlyalgea
To Ao ouN)NYDUTULLETN 0 BIAIYALTYE

a - fe AdIUTEEANS e mMNiTeInINAIUNNY

e Tinaamniuuuauduniy Jedldfunisinsseylng TnelinsWeudeansdyy o 3
U dl A o U o

WUU AU 2.4 Ao anediyey1aiunnsgnu (2 ane) anedayea 3 a1 wagatedaaia 4 @1e

ialdluniseudeyaniodedynin $18as8unvaRsULeTINgUNOILUUAIILATUNTULG

aznuvazasuslumdedosnaly

o e

(n) WULBSWUU 2 @18 () LULYBSUUY 3 @ (A) WUWBSWUY 4 @y

gﬂﬁ 24 Ui’g Uﬂ‘@mﬂﬁﬁ‘ﬁ@u(ﬂ@%@ﬂL"?J‘LJL"U’EJ?’J@E)@U‘VIJWSJLLU‘Uﬂ’J’]ﬁJG]'Tu‘VI’m



10

2.3.1 UL INYUUHALUUAMNAIUMNY 2 ang

wuwasinaamnglinuuauduniy 2 a1 dnnsldauidesuin Weswinlu

[
a v v v

WU ML AUNUA kLA RINITANNaLD ARk UgILINTN Bnadeinssasmalalilng

a

1N sgenaindananlaananusunungluate Jadnuasveasugesinaumgd

Y

WUUAMAIUNIY 2 818 Lansaaguil 2.5 waglassasiaveuguigesingamgiiuuuning

AIUVNY 2 aneuazauiumunsluang wanslanaguil 2.6

5UM 2.5 SnuaizvadgulgeTInQMMNILUUAIINAIUN Y 2 dng

(§1984: https://learn.adafruit.com/adafruit-max31865-rtd-pt100-amplifier/rtd-wiring-config)

Rwl

Rsens R >

Rw2
o— \\\——0O B

5UN 2.6 IATeaaaugesingamiikuuAUAILUIMIY 2 818 WagaumunIuneluag

AAUALA Ryt WA Rua WWuA1ANA ununeluae A uag B mud1fU Ryens AD A1
FIUNIUINBULEDSTIREIN1INTIaTR 9zliA1AINAUIUTIN R, 55131999 A uay B 1Tuly

MU (2.5)
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R=R,+R,+R (2.5)

sens

a v a

naun1saziiulainidieseldnusugesingungiuuuaudiuniu 2 @1 aziiriaay

Y

=

ATUNIUN18TUANY (R WAE Ry2) AANIAUAIAIIUAIUNIUINNLDULYDS (Rsens) B9 b1d

Inerfinusatuilla e e sINa A TR UUAMUAUNUTES 2 agdusumaiiafilaus

9 Y

Wesnnidueuges ingamalivuuanuiuynunianuseudeuasdisngn

2.3.2 |BUIYRTINYUUHALUUANNAIUMY 3 ang

e IRk uUAINAMUTIY 3 @18 WuwiwesingumuuuauAIuILY

a

= ° A o = v a

Vlu&JiJu’]VLUImU\ﬁUQG]a']WﬂiiﬂJN']ﬂ‘Vl'szj@ ﬂ'ﬂWiJG]']UV]']Uﬂ']EJiua”IUWi@i%ﬂ%‘Vﬂ\ﬂUﬂ'ﬁ@ﬁ?ﬂ?@N
! ) ¢ & v P a = ' =

NAMNBNITF53INVDILYULYDILWYILANUDY LUBIVTINUNTLYBUNDAY 1 d1YLUUVUIU WD

YL AN ANAIATLAATUIINAIUAUNIUA8TUAY FuT U UasTMUIZAUN1TIUNA

o
v a

Aean1snsadnluszeglnadnniiniuasiBeauazuldugn FeanvusvonsUwesIngungl

Y

LUUATINAUNIY 3 @18 Wanlanagull 2.7 uarlaseasisveuauiges ingamniuuuning

AUVNY 3 anguazmNiumuNsluEng wanslansgui 2.8

A

JUN 2.7 dnuniziaugesingaum)iihuunuimumIu 3 ang

(81984 https://learn.adafruit.com/adafruit-max31865-rtd-pt100-amplifier/rtd-wiring-config)
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Rwl
—0—\\/\, CT> A
Rsens/g‘ Rl
Rw2 l
—@ AYAAY, O B
+
R
Rw3 +2
—o— "N\ O C

5UN 2.8 lpssaiauigeiingam)iuuuaufiumiu 3 aguavaausiiuniunieluae

NTUT 2.8 T Ry, Rua waz Ry Wupasnumiunigluans A, B uag C audiu Ry A0
AU I WEUR T NReIn13A519 TR Tun1sAIuanA1A N FILNIUTIN Ry A2
poniiu 2 duneu Ao Funeuusniunsinnuiuniussuitgs A uag B (U239390 O
AUE UMY Ry Wewannsleidu

R=R,+R,+R (2.6)

sens

& = ° o v ] a o
VUANDUNFDI NINTTINATINFATUNTUISIAIINRA B ey C (L"LJ@I'N"UT‘Q@ A) ANUATUNU R2 N

19910

ENIAMUFIUNIUTIN R, LAlAEAITHIAIAINAIUNIY Rl UMY Ry 61A1UnTiAI1ue17
aedy I YINTUYNLEY (Rwi = Rua = Rys) @1015091AMNA NN R, Tugun 2.8 17
SGHGYE

RT = Rl - R2 = (Rwl + Rw2 + Rsens) - (Rw2 + Rw3) ~R (2.8)

sens

Wo9INANYIYeE sy 100y AIANRANAIRTAARINANNAIUNIUA 8 lUETY
lasun1svaie iU unIugId Ry AuagiuanuiunIuYeseuigeiNfedningiain

WD
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2.3.3 UL INYUUHALUUAMNAIUMY 4 ang

wuwesingamginuuauunu ¢ @y Wuwuwesingamiuuuauaumu
MU AUUNRBINITANUALDUALATLIUEIUINTFN A1UITAYALYLAIIUATUNIUAETY

anglaianun TIANAIURANAIALLDINIINAMUATUNIUNETUANY FISNYUSVDUTULYDS

€

a

ARAUNATRUUAIUAIUNIY 4 818 wandlanigui 2.9 uaglassadisveueuwgesingumg

Y

o)

v

LUUALALNIY 4 aeuazaaiiununegluas uandhusuil 2.10 wazainguil 2.10
Ru1, Ru2, Rus 482 Rus tuanusnuniunigluais A B C uaz D A UE10U Ryens A AW
fumunueesidesnsnsein Wl unasnguseduserinluisasiians A uag D e
nszdulsiAnnszua I Inasuisulees R, iliiAnussiunnadeseuisefiiu 1. R e
Tauswiurumedygi B uay C lngduiuaudvedliadiiinesresiriasiniazaunsadn
AIANAUN LU Tneausununtgluaglifinanssnufede9s LisduLeIANe

Vou[ flﬂlr]ﬂigll']m Ic Rsens

JUN 2.9 AnvaeUpL YU TIRgUMONRUUAINAIUNI 4 ang

(81983 https://learn.adafruit.com/adafruit-max31865-rtd-pt100-amplifier/rtd-wiring-config)

5UM 2.10 las9aiaguiwesinguniiuuamuiuniy 4 aeuazanuiununigluane
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2.4 N15ASIVIALIUYBSLUUAUAIUNIY

2.4.1 n51419950UTIAY [20]
1995UU IR (Voltage divider circuit) Wudiuusynauvesisasuuuunad 1u

2993fugINeg R Bwaz il diuUwe s UUAUA UYL Fadurasiiasunlasszauy

o
= a

wsarunialuidudnszaunilanainit 1sasUsznaumeifuniu 2 67 deeynsuiu 91e

T Y
v Y

WSIFULTINTIVOIFIAIUNIUG 2 61 Teedduniuslasunisasyinmiiduwueashuu

AMUAIUMY UARIAIgUR 2.11

Ry

JUM 2.11 29950 ULTIAY

a Y 3 av v Y 1 Y (3 4 ! v
%WﬂEU‘VI 2.11 LLiQﬂUL@?@W@WI@ ABDLLIINUNNATDN R I@EJLLi\‘iﬂuLE]’WW!G]"G%U@FJ?YNLL?Q@U

BUNA INTIBUTIAUTINTINNATONFIITUNIL R1 ke R2 despssauiuwaladuusaiudung

JUN 2.12 nslvavenseualuiaasuuuseiu nsainliianudumuluan
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191519103V 2.12 Welddanuduniulvan R, vieaudumulnandueiud
NsswalnanilAtasuINUsENNa 0 WOULUS NTTWATINUANINNLNAITIBWTIOY Vi t118ad

6 1 o v A & ¢ v
AITIANTUAINTUNTUNADDUNTU Ri wag Ry AselaUumDnNISLA I"ﬂqﬂﬂﬁsﬂENI@ViﬂJ %VLGYJ’]

V. =I(R +R,) (2.9)
9139
[= L (2.10)
R +R,

nszuanlvaluiwsmlaanaunisn (2.10) wazausaviusadue1fnmlaain

W /-0 (2.11)

out

WAUALNTS (2.10) aslugunis (2.11) agla

(2.12)

aun13 (2.12) Wuaunisi WAl R o AL S0 U A WAV TUU LTI Fangdlfiar
funulvan Rz @3unn nsssalnandzidu 0 weuwds Wiednunyszendldauiunisifouse
L HULYDTRUUAIIUATUNIY 9IINTITLYDUABLTUYDTUUUAUAIUNIULAE T TUU I TIRY

LARIAagUN 2.13

5UN 2.13 nswensaugeshuuaumunulagldieasiussiy



16

N3UN 2.13 unu R, 738 Ry(1+x) a1uaunisn (2.2) lngdl x AeUSuianaeanis

v

ATIDIA WAZANUITOMHIIRULBIANFVBIASLARAT

Vou = Ryt Vi (2.13)
Ry +R,(1+x)
1+x

Vout :( szn (214)
2+x

PN @ Y1 % & da( Y 1 ! U a 2 =
PNAUNITN (2.14) UL TS AUIANATUDY FUWVAITNEUSIAUBUNG Vi UaEUTUNN

ADINI0TIVIA X IAUAIUAIUNIUTUAUYD LGOS Ro LiTNAAULIITUDIANG Vou

2.4.2 n514299530alauUsng [19]

= A ¢ ) = a & . (] ey v

Inalauusad (Wheatstone bridge) #3auindnszuanss (DC bridge) Lﬂuqﬂﬂmw%
ausumeinueunIunldnsvan lnglandnnsiuseuisuammudumuinsual fu
AIANUNIUTABINITNIIUAT kaasldan1ivannaued9asiunITmAANLFAUNIUNADINT
V57U F19953nalauuindediaing avdsenaunigdifiuniy ¢ 67 Aeeunsuiulugy
a A ! 1Y) = " a Y a v Y] o
Amdgy WnaeRusITUITIToNsAo YN Ul ULUINELEIYUNTILUA T TN Lagsd

o o A = W = P a a ¢ Y]

ATIVIALTIRUNTONTERALTOURDAUTUBNLLINERELUNTEY T19aTInalau USAT wanass

Ul 2.14

Ry Ry

Ry R

5UN 2.14 1avinalauuind
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= 3 Y1 a a MYyoy v ! 1 14 1% &
NJUN 2.14 egiulidn 29s3nalauuiadliladudaunazdienanisainemens mewni
19993nalauuIadIdhunUssgnaldlavainratslui uredssuumMsinuasAIuAN @150
WI935 AN A LANTUS TR unIuluaes Tagldnsudausadu Wus

GEVANP]

V.. =V,-V, (2.15)

out

deld 1 waz 7, \uusadunnasousifiiuniy Re waz Ry aNa1iu efiansanmusesiu

anATel Rs azlonsasu V1 iulUnuaunisn (2.16)

V. R
A e SN =t - S| 748 (2.16)
R, +R, R+ R,

a a o | v v o v &
WALNAITUNLTIAUANATOUAIP UMY R3 w90u P aglandu

V. R
Vy=| —2 IR = AP | V. (2.17)
R, + R, Ry + R,

ussuteiwpnlelasnsunuaNnsi (2.16) wa (2.17) adluaunisn (2.15)

Vout: L Vin_ L Vl’n: R4 - R3 Vin (218)
R +R, R, +R, R +R, R,+R,

1NAUNITN (2.15) MNETRULDMNAYRsasiAIAuaud agvild 7, =V, na1iledn

(% '
3 v L 1 P

avinalauuiadidmdseyluaniivauna (Balance bridge) wavaziinldnseiile Ri/Rs way
Ry/Rs ety vndidasmumusladandalandasuly asiliussiuednaasuidag
A 39T Usasanusas At A udumuildvsuaild Wlelunsaifinsiuais
Frumuildni 3 i saunesinalauuiasstouhunldfumuresuuuanudiuniy vie
as19¥AUSLIamamenm asnsanlalaesmundadiuniua 3 slrdAwvindy waztsh
FUMULUUB LR S UUSs UM U i enilei TnefnuaaSuduauEIunIues

wwessiandu Ro uandlugud 2.15
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5UN 2.15 2sasndnugeimelnalauuing

v

v Y = a ¢ ~ Y] ¢ !
"U']ﬂ’)ﬁﬁ]ﬁﬂ'ﬁ(ﬂi'ﬁf\n@@38’3@]319’1“U5ﬂ"0 ANgUN 2.15 ﬁ"lﬂJ'ﬁﬂVﬁLLﬁ\‘]@ﬂL@qmelmﬂﬂﬂqﬁLLwUﬂq

Y

Ru, Ra, Ry ¢8Ry wagunuil Ry e Ry (1+x) asluaunisi (2.18) agld

1 R
P e tae L Ty S (2.19)
Ry+R,(1+x) R,+R,

Vouﬁ( = ]V (2.20)
44+ 2x

d' <@ Y 1 v 13 = [ v [ a £ [y a d'
1NFUNTN (2.20) R]%LVI‘LJIW’NLLiQ@‘LALE]’W]V!G]NWJ']?J?INWUSLLUUI@JL‘UUL“UQLﬁUﬂUUﬁJWmW

Waguulasly () Fadwsueuige Tingumgiiuuua i unuAsgunginyinn1sn I in

2.5 a3

TuunilauauaiugIueazndnn1 iUV LIUYOSHUUAINAIUNIY LaafiA

YouyuYesNUAsULUal UM LUS I UN1ITENANA5219 TR U AUTRAVD WU DS DN

Y

Faulausisugeingamniinuuaudunudssuwesingamniuuuanudiuniudy

UMM UM UELALT Teuduldluduausunsiasazaiuny lagiwuiees

[

AgauMnIwuuANAIUNIY 4 anerduueesniinnuwiugfignuazanansnyniweR1n Iy
fuungluaglananue WeteueosuuuaNnuiuIuIUSEgNA LT AU LU IR

WAEITINALAUUIAY TuN199539Tnlagld99TuU s AU UssiueIAnanlagarstuegiu

WSIRUBUNAKAEUSINIUNATIIA IAETNAUAUNUSUAUTR LS NN TENUAUIDS
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wazlunismmainlagldasinalauuind ussiwerdnndanuduiusuuuliifugaduiuen

AMUAUNUTAsULUAIU TemnusunuUasukUasluauUsS N9 e A INARIN1S

1 o

[ o 3 a a & v ¥ o 1J £ = o
n97970 dyurane1innve9eTInalauuiaddelimungninluldau dndudesinisusu

anmvesdyaanednsvesasneutlUld Feeiinnsnandduundaly



unii 3
N1999NLUUNISBAEAIANATUNIUN8TUEY

Ninaualuana

3.1 na1un

Uagtuueswuuanudmuniulagninudssendldlunssuiunmsiuanainnssy
Aueg1anieudIne weldiauazatuaugungiluseuunisvingu 3nnsAnw1uifen
NetaatuNTaanNkUUNTALTEAIAINR UL s luaunusieRnaudsdagdu nudndnig
Wausmaiiansvaeainuaununeluaglisiuiuuin

Tuuniidslananisniidenlaeedinisinausuilusfn 3 91u3deeiu fe wailla
N139AW AR TUNILUAE U801 1AL 1IN A M TV LY TWUUAUAIUNIUA
Unduelay Tapan Kr. Maiti uag K. Asim [17] A15RmUINISI80UADIsUIY 8 5ANUATUNY

a N Y v sl o
wuusBhgndniulalasreulnsaaesiuliauelag N. Ponnalagu Ramanathan wazaeg [9]
wag wadanisuaireAinua unIunsluaelasnisladiuesialeaissdafeidnsu

Iz a v a a o % = )
U IngUNNRUUANAIUIIUYER 2 aenidiiauslae L Wei kazansz [18] Fawdnnis

$MUVDING 3 IMATNAIZNANDILIITa0 ALY

3.2 wallansyareaufumunteluaeegeiguasmgnd U3

MUUANAIUMUALEUBIAY Tapan Kr. Maiti waz K. Asim [16]

WMATANSYALYEAIINATUNIUN ST UE 8@ NS ULIULYBSLUUAINATUNIUDE19918
uansgUR 3.1 leTdusaguiues 555 (IC timer 555) waglalonfidanuaumsdiu 2 & (Dy
uay D) Aifunumddguntumadadgninunldlulnuediiaiuiaios (Astable mode)
Talon 2 Filfiudnun @drsunannsudamesedaduiitiu (NPN) 2 dafumilousululed
wed LM389 w¥eufutieudetaumesainudiuniuluieast wilfaunsaussunaldn

a o

wugasAuiuMuLarlalens 2 Agnieigumginvindeuiiediu delun1siauves

Y
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2995NUNAUD LN LANITANANTENUINNAINUATUNIUNE T UAE LA SIAIYALYUNANTENU

dl a ¥ % Y ¥
GD’]ﬂﬂ’]ﬁLﬂaEJULLﬂaﬂQmﬁﬂullLL’J@@E]ZJIUﬂ’]i’JﬂiBEJ%lﬂﬁI@E]ﬂG]’JEJ

o Ve
Ra
Ruw1 4 8
» AAYAY, * 7
D
! 3 DSO
D, 555
Rs
RWZ
6
¥ 1 5
G
iz
b= Cl

JUM 3.1 199sn15aenufuviunglugmedmsugugeianuiunundLauelay
Tapan Kr. Maiti Wag K. Asim [16]

Lﬁaﬁﬂw’]na’lmﬂﬁuﬂiﬁ! (Charging time) wagt1a1N19A18UsEY (Discharging time) ¥03/3

%

(fudse C ladnasaussruvadlalonliluuvasioussiunituey

v

vgaunQil (Temperature
dependent voltage source) s?iwiaaymuﬁ’umméfmmmﬁaLﬁmmﬁu%é’amwmlmia@
(Forward resistance) tiosainnisfiansnundl fufudseq C hildssafouni Vee udifou
Wi Vee = Vp wag anundeiaduan (Positive pulse width) nsenialunisiivuseq Te

) A ¢ = v &
YosdynunaweINe Weulalu

Te=KRe=+Ryp==R5 LREF R, |C (3.1)

dlo Ke =In [(ZVCC =3V )/ (Vee _3\/01)]
Rs AiD AUATUNIUULTDS
Roi e Anwdiunudlofaussiulusanssvedlalon Dy
Vb1 Ao wseunnaseulalen D1

Rw1 8% Ru2 AD ANNAUIUeluany
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Tuvhueadeaiu dufulszquasaedssy lWildaedssglidu 0 wioawinsnd wimelszq
AU Vo2 WazAunieiaday (Negative pulse width) 38 Liarlunisaieusey To

annsaeuladu

o Kp = |n[(2Vcc ~3Vpp )/ (Vee _3\/D2)] ~Ke
Rb2 Ao AnuduuiainuLsIuludanswaslalan D2

Ront 9 A37UA1UNIU ON Y84M3ANeUseuamsmudanaivedsdinuial (Timer)

Aty @un1sfl (3.1) Wag (3.2) BA1R1N619993087 (1) SERI0aINSNUUTZIWAZIIaINTS

AeUszy 1Hudsaunis
r=Kc [Rs + Ry +ARg —Ronr |C (3.3n)
r=a[Rg +4] (3.3%)

fo a e KcC

A4 @9 Ry+ARy —Ronr

AR, 79 Ro1 - Rz
Fettuaunisdl (3.1) S aunisil (3.3) o5vaelédn Te To uas r%uagjﬁ’uqmmﬁﬁﬁmmﬂ
usssiulalenuazmnusimuymuiiefnussiuludanss ilesannlalonthinanmsudamnossly
loBiues LM389 anusisvasaudiuniu (ARy) Fefiarlndniewiniu 0 dadu nsiden
ANuFuMmL Ravesasasinilined iilelinansznuananudumuaensudanes ON
(Ronn) T A tiosfigalunista mafiafivnaueilunislidivaseadalaalay (Digital
storage oscilloscope, DSO) lillgldifieawAuansdayamusuaduending (Output waveform)

Y 9

Wity uideadldd miunsinauninalad waneiagun 3.2 wagamnaunisi (3.3) Anusa
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Yaa17a1 (7) wlgarnnsmlnedaauninaiadn 2 wuu feaziianududaduduaing

£
1

Aunueees (Rs) waglituagfiuanusimumunieluanens Ru uag R

JUN 3.2 dyanugunduiordneiliannidviaseadalaalay [16]

U 9

3.3 N1SNAUINISHYDUAD LT ULFDSAIINAIUNIULUULT LA SILTINU

lulasmaulnsataasninaualaeg N. Ponnalagu Ramanathan wazsane [9]

2asiinaveidunmsiauinisideudeisume flasnssiululasaeulnsaiaes ang
dvSuluIeSANLA LY LLULLEABT (Single-element resistive sensor) Bsuanssagui
3.3 lwulwesi Ry finavinseenllidousofuyanisialagldlalen 2 # (D1 uay D) uaznns
Fousieans Fenufnununisluaisunusie Ry uaz Rupe yanisinuszneulusie
lilpsaeulnsaiass a3 duuy 1 92 2 19 (Single pole/double throw, SPDT) 3 61 (S1, Sz
uaz Sg) fFunIu 3 73 (Re, Rs 4ag Re) uaziunuuszy C lonesnlulasnoulnsaass 4
wosn @e P1, P2, P3 waz P4 Tunssuaunisdn fd1uniu Re leusesznitanein
lulasreulnsaiass P1 uazdduniu C Werelunisdndaainsuniuainunasiiglu
[21] fgumu Rs vimthiidfanszuanisaneusyq (Discharge current) vasdafiudseq C
Tifosninnszuaednnganiinesnlulasaeulnsames amisosuldidenanuduniuy
wuiges Ry 18u 0 Tosix [21] dadumu Re WoudesemitsUaneiis 2 $rsvesaing Ss gn
fvunlidianuiumuties (Ro) vesdiunsiadu wedn PL gnieulusunsuliviming 2
og19fe 1) Wleliiiuuszganunsnifudseaseninanszuiumaiuyseq (Charge cycle) 2)

WevimdAdudunauuundumla (nverting input) vesiaeuliisudygyruwouzden
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n1elu (Internal analog comparator) v lulasAroulnsataosluseningnszuIUNITANY

Uszq wesn P2 Idiivedsdayarauniuauludaaing Sy uay Sz wiauiu wagwesn P4 viwii

[

dedyaralunruauaing Ss wose P3 vimthidusinisaiedszauazidudunisdmsu

nzualifiTngeanluvesiiulsyy C lilwaansan lurdiinisaieusey sswinsdiananil

Wasn P3 azgnimualidasing (Low)

D

Ripo
Vs3 d —VVV
P4 A
Sz
Microcontroller
Vs2 : D,
Lead resistance
Timer/Counter | P2 A 4
Interrupt Vi,
Sy 1
v
E Vi - AV
f=2 +—e Rs 0 ;
= LD1
3 AC Rp
P1 ¥ c
||
Measurement Unit Connecting wire

5U# 3.3 195veunailafidiauelag N. Ponnalagu Ramanathan Uagaug [9]

wadaliiliiinnszuaunsia 3 nssuIun1svainisnulssquazaeuseuasdinnulsey

C uananagu 3.4 dolnsinufidnivusyy C desnisfivuszy wesn P1 a9

Y

lulasmeulvsamesgnimuslidya1andvialiaedngs (High) visenanilaidaviniunsesiu

aa L3

Voo Uag wosn P3 gnimualimiauluaniugnidufiunudas (High impedance) wosn P2

Y

wae P4 puauaind anunsanmuabiduanuzlenle (g 61 v3e Bufiuaudgs) aouzves

[
[V <

a [ ! o < dl' I3 Ve
aednlldwnansenudenisiinuvesnsiiuysey dudiiuusey C Wauuseqlana
397U Vop HuFIA UMY Re wazatbunisiiudsey Ten gninvualida1uinnii 5ReC
Aatiu fLiuUsey C azlasun1susaliud nszuiun1sNIIAIeUsE9sAIUNaINsTUIUNIS

\Aiuuseq

Sensor
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Noise Filter Off

100V J2.00ms 40,0000 s @ 0.0V <10Hz17:0806 |

¥
= 1

JUT 3.4 nszuaunsiivussquasnisateUszguesdafiulszy C iintuetesiaiies [9]

[ ]
v

3.3.1 nszUIUNITANEYUIEY AT

Tunszuauniseeyseglundausn wosm PL gndwualvdiaousdudufiuaudge
wodn P2 P3 uaz P4 flanuranini dmsuiteulad aind SPDT wa 3 #fe S1 Sz uaz Ss
gnivualvieglusuvils “0” e g1 lalen D1 Yinszua wazlalon D; lithnssua

AuUsEgneull AeUTERRuiwUIIY Ry = R+ Ros 10

Res =Rs +Rip1 + Rips + Rey + R + Rs3 + Ry (3.4)

1o Rs1, Rsz Wae Rsa Ao AsimumIuaniIug ON vasaing S1 Sy uag Sz auaau
Rpin Ao Auaununsluvesesalulasaeulnsaiassyn P3

(%
Y

19351un18lu (Intemal timer/counter unit) ¥aslulasaaulnsaiass gnesailua (Reset)

£ LY

a Py [ a o =~ LY v &
wazlsuAUNUNNALIUUIEY C LISUINITAEUILY WaTgALLBLINRUTDIRNINUUTET Vo(t)

whituussaudasuvadialon Vi A1n15iu (Count value) N luvauzieasiungainauag

(% '
v a

wanaadiuUszgldlunisaieyszy nanfe Ty lussninnszuiunsaelsygasai 1
Tx = NxTe 1l Te lluszaznanvesdymyiuuiidng (Clock) Ndeuliiulsasiunieluves

lalasmaulnsawaes lutianandl nszuananeenn iy(t) 1Ju
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t

(VDD _VDl) "R,C

i (t)= o0 P g (3.5)
RTl
o Vor Ao usssuludanssinnaseulalonyiianiuy ON
WS99 VrT1(t) T9NATONANATUNIU Rt @unsaesuiglamuaunis
B t
H R;,C
Ver1 () =iy () Ry =(Vpp —VpyJe ™ (3.6)
L3IuALAUUIEY Ve(t) amnsadeulidunuaunis
Ve (t) =Vp1 +Vrri(t) (3.7)
TAEUNUARTINU VrTe(t) 99naun1sh (3.6) asluaunisi (3.7) aglaan
B t
) R-C
LIAUTBIRINUUTZY Ve(t) Naanssusuvesnisaieyszy (t=0) axladuy
Ve(t) =Vpp (3.9)

msmeUszazandusolUaunssiuraadunuuszganasauianssiudagg Vo dedlawviiy

q

T

X

Vi =Vp; +(Vpp —Vpr Je B (3.10)

1NAUNTA (3.10) @nunsodnaunisivulaidu

T, =N,T. =R,C In{\m} (3.11)
TL _VDl
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a9 (3.11) fAveaaiuUszy C wisiu Voo wsaiuliniby Vi uas usinuanasoy

Y

lalen Vo1 gnAmualidiaiasn ey naifidaunulssgldluniseedssy T ludadu

Y] [ Y

TngnsetuAIAURIUNIUNmLA R viuiifian T gnda duiudseq C azgnunsadnass

UDIAN Vpp LAZNITEUIUNNSINSIMNUATIN 2 285U

v
v

3.3.2 ﬂ‘w‘U’Juﬂ’liﬂﬂﬂUiZQ AIIN

lunsguaunsateysegluaseil 2 wesn P1 gnivualiflan usiluduiiuaudas

A

woin P2 uay P4 flan1urasings uay wasn P3 gnimualvidaniuzasing dmsuleuly

s

i @ind SPDT 3 3 flafio S1 Sz waw Sz ganmualveglusiumis “1”7 msizaviy lalen

o Y

D; ldvineu uaglalen D2 tnsyua dufudsey C Tumauliaedsyanudasiiuniu R =

Rr+ Ros 4821381 Tr Mdmiudaiuusey C Mmedszqaudsussiudnbgy Vi 1ialagld

1astuneluvesdlulasreulnsatass waziAuAIMaaLds Nr ausieazideannainlu
NsEUINN1IAEYsERRsI 1 Aaailddmsunszuiumsaedssaasen 2 Tr aunsanila

NFUNTT

TL _VD2

o Vo2 Ao WsswuAndu (Cut-in voltage) vaslalon D,

¥ v
v = a o <

HaNTEUIUNITAIBYITRATIN 2 Augnas dauyszy C A85ur1598nAT9ude Vop way
ASEUIUNITANBUTLAATIN 3 LSUAUTUDNATY T99zaSUusIwazidense U

q

¥ ]
v A

3.3.3 N3EUIUNIAEUTLY AT 3

Tunssuaunsaieuszaluadsdl 3 wosn P1 gnimualiflaniunduduiiuaudgs
wosn P2 fan1urasings nesn P3 uar P4 gniwualiianiuzasind dwiuideulyd
a3nd S1uar S;gnAmualiegludiunus “17 uar Sz gnimualiegludiunus “0”
wawagii lelon Dy laiviau uaglalen D vinssua faufiulseq C luneuiiaeysyqsinu

LY

991UMU Rrs = Ros 1381 Ty Tdmsusaiulszy C fianaussgaubawssiuliniy Vo 9199
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Taeldr9asdunisluveslulasaaulnsaiass waziAuaIndwus NiTe Tuviusafeadu T

a1u150ukaan

T, =N,T, =R;,C |n[\m} (3.13)
VTL _VDZ

nAlavimsInluneuntin A1 Ty — Ti Aul@annaunisy (3.11) wag auni1sn (3.13) agla
WJu

LA =(NX—N|)T

c

T “T =R.Cln {\M} _R.Cln {\M} (3.14)
- Vo, =V
TL D1 L D2

LNUAIYDY Rre wag Rrs adluaunish (3.14) wasnvualy Vor = Vo2 wiiesaintalen Di

waz D2 \ulalenilugaund azledu

VDD —_VDl

Ny =N )T =ClI
AR n{ T Vo1

}[RX +R¢=Rg] (3.15)

Tuvhusafedtu awes Tr— T Audadlaeldaunisi (3.12) wag aunisi (3.13) azladu

VDD _VDl

N, —N,;)T. =ClI
(Ne=t)Te n{vﬂ_—vm

}[RR + Ry — Ry ] (3.16)

U1aun159 (3.15) MsmeaunIsh (3.16) wazanaunisivd agla

R, =Ry Ny =Ny (3.17)
NR - NI



29

nluaunisit (3.17) wandiiduinAmvesesiusznoureaues sunaldieanainistu
3 A1 Nx Nr wag Ni ﬁwwlé’swdwﬂizmumsLﬁ‘uﬂisqLLazmsmsJUss@ﬁ”’q 3 0%y uay
NANSEMUIINANANLEIUIUNSIE aure BT siunanansadaiisle adadvinldlaglidedd
WE9318nsTLa (Current source) n3e1995UsrRaNAd Y 1N TiTUFou (Complex signal
processing circuit) NaiﬁﬁwLauai%ﬂisuuunwst,ﬁuﬂsz@LLasmsmsrdizagLﬁm 3 adainiiy
wiluadnmeinisldnszurunsiendul uavinds 4 ads 221 29950 ki auAaLnsas LA
AU uTessureslalaunse widserumiulsiiwugsesnsiatnlilaenssdnguiu
fhegratu Slfisumesinguuaiinuunnudiuniu RTD) Wuwuweslunismaaes iy

ANuAumMueuges R, =Ry (1+k0) e 0 fegamgiifignin uaz k fie ar1ulives

¥
S A

wugesinguuniuuuaudiuniu lunsildl wenlvd1ai1usi1un1u Re winduady

F1unu Ro azlendusiaannis

N, —N
R,(1+k@)=R, | —=—L (3.18)
oK) | R
IS eaaunsivalaidu
SO (3.19)

%
v v [

Tuaun1si (3.19) wansliiuinaamagiingnintuauadddinaindinistu 3 @1 Nx Nr wag
Ni ivnldsgninanszuaunisiulseauasn1smedssans 3 Ase wagAAn1sdsuwlas k

VBUYULYDTINQUNNTUUUAIUAIUNIY 31naUN15T (3.17) lau191nn1sivuali

aadUszneuauaildluiasnsdeuseadugnunf
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3.4 WANANISYALYEAIANUAIUNIUNTE Tua1elaens lddiuaslalontNee 1 A7
dmiuwuwasingungiivuuanudiuniueie 2 areminauslay L. Wei uag

A [17]

19svemaliantLausluunaud [17] lakansdagui 3.5 Felsznauluae 4 d
Usenausigdiu A wuwesingunluuuaudiuniy Ry d1u B fuueslalen a5ty
InaduwueesTngun)iuuuAUAIUNINLINTEn LaguUU)IuIndau (Ambient
Temperature) Tuduillimsiuasundasnn ilesnnnisidsuudasgumaiiludiu A uas
d1u B gnieusianulagaiglil 2 a1y Wesvninsdiuesialeauasivuiwesinguniiuuy
Anudunulbilndiuiddaelnaeudsdu anusuniunieluaieddindosun @ C

< ! a o 3 Vo1 ! ¥ = =
Judiumsiduanelulussvunisinszerlng ssmiulaiiarglidoudiseny Ganuegnin
o é’ (Y =Y a va ¥ a L4 a d‘

AnueduegiuReulunisufufnuniswiuicnssudnizgiifsuilaciiownainnis
WAUWUAMNANWIAINT TULAZIMANEDY AIUAUNIU Rua hae Ruz WNUA1AINAIUNIY
agluaty uaglaenaliiiedn Ru = Rwe = Ry Wavdiu D uansisviesaiuquszeslng
(Remote control room) Wisesesaunsal (Equipment room) FaluiAswe19asn1sitouns
(Interface circuit) 8eAUsEnauay lusua 3.5 ageduresunuiutuneunisinluiidetes
dnly Funallandiausdvunoun1TInAIAIIUATUNILYDUIUEDIT TARUMTUUUATIY

ANUNIUNTIAUA 3 TUADY

R Ue
SSW 1% 2A I\/\/s\l i @ -
1
o Ri +T — v
<
/g’ U Ru Us U, N
] l ccs
A B C D

5UN 3.5 1asdmiumatiansvaeainnuaumungluaendiauelay L Wei uay

Aty [17]
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3.4.1 NM59IaAANNAUNIUAeTUEY

Fupounsindranudiumuneluats Fuan @3nd SW ludau D 13U 3.5 gn
Wasuludeumis “17 unasdnenszuanadi (Constant current source, CCS) Tinszua I
IuasuAua U Iun1elua1s Ru way Rue ililAaussiuwimatedounau (Reverse
breakdown) 983d1uaslalon wazad1ausesunsii (Stable voltage, Ug) Tinnasaudiues
Talen Wossarusuniuvesdiueslaleandsniaussiuimaisdounduiiadossin
nsvwadulngaglvnadudiuesialen fawdinszualnaiuguresinguniinuuaing
FIUNTIU Ry ABUTI9UDY LARBINDISNDNDNALTIAVUBINANTENUINANNSaUNElUAI89
wulwesingumalinuuaudunuluseninnsingamgd daussfu Us duvied “3”
Fafupuduniunigluans Ry auasadiuandalnenisunuaiuseiy Us adduaunisi

(3.20)
oL A0 ReabY, (3.20)
yiANsTuRNALTISY Us wazainudruniunieluans Ry deazirluldlutusousald

3.4.2 MsIaAInsRanIa

msinAnszualdau Gunliaing SW gnideuludsiiuvda “2” undedne
L5959 (Constant voltage source, CVS) d1us9su Ue Iiurwe T ingungdwuy
AudunY Feilusefulifunssdu Ug Tuvastl Sweslalonssianululnusdnoa
(Reverse cut-off mode) harAMUAIUNIUANYA (Equivalent resistance) dA1as nsvuad
Inarudunszwa 1o egludaslilaswenuds (Microamperes, uA ) Fernimsldunannisin

v

1 %/ ) a o LY ' Ao A «n 1% <
a2t Tudupeull Taussdu U, Aidumdan “3” laaunsidu
Ug =21-R,+(1-14)R (3.21)

Fansvwa | luaunisn (3.21) AonIeudalo1ANANuIINLNEI3181IIaUAIN CVS Tu

YUSLREINY TL5IAU Uz A6iie “27 satu nsewa | @1unsambaainaunisi (3.22)
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TuiinAweasusenu Uz waz U, islddmsutuneud 3
I =(U.-U;,)/ R (3.22)
@ie Rs fe fiwnuniunisusuiiieusn (Calibration resistor)

3.4.3 MIATUIUAIANUATUNIUVBUTUYDTINIUNHAUUUANNATUNIY
TUNIAMUINAIANLAIUNILYBATULD S TRUNATUUUANLAIUN U WNUAIANNTT
11 (3.20) Uag aun1s (3.22) asluaunsi (3.21) AANuiuuYeLy LYo Ingungiuuy

ANMUAIUNIUANNTOMLE PIaNNIT

1R, Uy +(U=U,)(Ug —Uy)

= 3.23
Rt IC(UC_UZ_Id'RS) ( )

MnaNn1s (3.23) uandifuinduainsdsivadnegising feannsaudaunslalagld
lulpsneulnsamesiionAnruiuuvensuse S Tngaunainuun i unu 1nty
ALY LB S IR Tk UUA R U uasauUanlugungTldie Tngld
M1319N15AUNT (Look-up table method) n38n15A1UINANNITNAUIN (Polynomial)
Taonss wagarnaunsi (3.23) axiuliitadeiiiinadennuwsiudrlumsinnuduni
VOUULDT TN MTULUUANLATUNY finsil

- mnuAsIYeILIIRY Ug wagnszua lg

- mnuAsivesnsfu Ug uagnsua lc

- meiafusdugiveaussii Uy Us wag U,

- anuktuguagauasTivesnmiumuNsUSuIisuAn Ry
fousndetiafeiddquareniigalunsimadaiiviauslulinu Jadeduannsouiiym

v

Iolagldmadanaly wu nsldnisduarainnisulasdygranouzdendunivianiiniig

a

wiugnge (High-precision analog to digital sampling) n1slduuasdnenaauapefgamall

Y

71 (Low temperature drift power source) kagn15LAINUAIUNIULUUEY (Sampling
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. [ 4 v A a a a 1 (% v 6 1 [
resistance) WUAY wWazN15 Lol SauLNgUnIINNLEAIAIAINUFURUSTLNINNTERANU
w590 (IV curve) vadtalanunidudiuasinlon NUINNSINUBIRLUDS IalonTlvasesu
WINANYNLAUNINLAZLAUTUNTINLINATIT AIUUNITUAYULUAIUDILSIPUNINANSEDUNTU

o v A

Ug Bnvisnsvuaildaiutosunn ludagdu dmsudiueslaleniinaiuuiugigs d1ainy
a % U ¥ o = U v = 6
AANaIATDILTIRUTINaTedaundullAtosyssunns 0.05% wavai1uaissvataunsalgy
(High device consistency) uanainil nszuasiluadoundu (Reverse leakage current) Vo4
Fuoslalengninwilineudisazailiieglugiuanaan (Cut-off region) AieAuaN vy
X = & e v o Py P o Ao | ° X
wallvesdiuasialennliarunsausuieuszuula wielildnisinniiauudugiasiuy
o & v 'y} | o W v o Y} v 1Y ~ f
Fdudosusuanssumatsdoundulaznseiasiivadeunduveiuasialonlunsay
o < ¥ [y, ¢ & v | a | '
1993011590 waziiudeyalilugunsalifudeyauvulidgymialeliinnsanenseua
(Nonvolatile memory) wassalulaspoulnsaans mMunann1sil 8ns1150nLaN (Update
= ) = o o a a )
rate) YupgiunIaImevauaIvediueslalenneliusaiusunaiuisuseau (Step voltage

a0

input) @il 200us I1tuNITASUATIAS 18 NS LIaTtUNITENAINNISHURIF Y IULE
4 2 aa o 7 ° ¢ = 9 ¥ o
uzaanlufaia 2 a3 wazalunisAavesiulasasulniames furanldiiuiain
lenansUaya (Datasheet) votaunsalnldluisasmaaes drunalunisulasaiveias
(3 @ aa v a 'Y P~ J el' o [y
wourdenlunivia 16 Onlaealy Ao 2ps wazalunsmuIuYesENnIsh (3.23) d1msu
lulasapulnsaiass 32 On Ndanun 72 MHz natldasiiu 30ps sedunanalddunsunis

Tanilaaandsegniglu 250 ps viseznanlaidnsimsdmenvesunmuilllats 4 KHz

3.5 unagd

Tuunilananfeeg1uideiRefumATAN 590N LUUIIITANSYALIHAIAIY
grumunigluaedilgiinsinaveunluein 3 wada Uszneusie madanisoaenany
mumungluaegegisheuazsagniagldigugasvuuaiuauniy AIAILINISSeuse
wugesAMuE U uRUUELReadfullasaeulnsaass uazimadanisvaweAIAIY
auntuntsluaglaenisiidiuesialeaiissdifvidmiviguweiingamgiivuuaiy
drunmusiin 2 a1e luudesneieddofuastaideiiendauazuansieiu Faanusoaguls

AIP15719% 3.1 AINASANBUNATANITBDNBUUIIIINITYALIYAIANUATUN LA I UEg N
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£ [
p=1

Asdnauaantusfe lauiwunisuifssankaziaulinIy neluinerunusaduilay
WaUe NMIenkuuNIsIaweAIAMuiunIugluaedmsugugesingungiuuuay

funurde 2 a1 F9azlenandsluunseld

o Y ay o a ! v A o =
M1919N 3.1 T@@‘U@Lﬁﬂsﬂa\‘iL‘Vlﬂ‘Nﬂﬂ']TUG]LGUEJﬂ']ﬂ'NiIG]']UW']u.ﬂWEJiua']EJV]u’]Lﬁu@Iuaﬂ@]

WATANISYAEAIAINNAIUNTY YA . .
Jaf Jaide
aelugne

R 3 aesldaunsaldidnseind? | S dudedldlalaniifinany
WMALANISYALYYAINUATUNIY = = .
o anunsamladenasdsimign - | aunadiu
eluangegrshunagaIgniag .
B ) g AANF Y QYIUTUNIUDINAINY
Tk uUANNAIUNIY h
59U (Thermal noise)

Aansataigenansznuan | sndudeddlaleaiiiininu
nrswauINIsdsunoueed | arudiununielunesauay | aundiu

ANUFIUMIULUUBuREITIRY | dreoniendugidoganelu | -Sndudediainduaslaloniisl
lalaspeulnsaiaes wosnvadalasreulnsaiaes | AnuAtuniuvarliinnsug

4ARANANURANAINLDY (Off state resistance) g

wadAnsTAE ARG NIy | -2IAUIENBUYRNNATUIUIN | Gy Judedliussiunnasond

&\ £ 6 U
meluarglaenisle@iuasialon | 6N v aslalonwaghsaauann
Feainfe1dmTuumesda | andulumsiae LaNI18aALLEDITUN
gaunALUUAUFUNIUYTA 2 ANUAUNIUATUTULTIBY Ry

ang faIlANULLUET LA AINUIN
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N1599NLUUNITVALILAIANUAIUNIUNY T UE18NUNEUD

4.1 na1

nstaueveineinusluuniagnaniniseenuuunisyawemauiuniy
meluargdmsuiguresingungiuuuarudiuniu lneweallanislidlalen 2 d3 Tunis
ponuuurlddyaunsuauuy 2 irnsiiadstulnedyyiniad 3 sedu (Three-step
pulse) lugaveuasndgaLiiensziuiauite s ingumgiuuuanusiuniu tnefiuesmagaly
uiiazszAuresdyannsyRayidy 2 WiveteundgadaaInnsTRATouUnT ANAIUNIY
Yo s inguugiinuuauduniu ANuFununigluay wazussiuiaiy
(Threshold voltage) kanduaNIUnUIeUTzINaNad Y 1A (Digital signal processing

unit) W elgn 1A EENISNINANRAIEASIEU N1SUINLAZNITAY AIUUNITTINIUYBINATAN

¥
=3

YaueifallarusInslas wauen WaduduanugnAsuazssansnnvesnszuIuNIg
a o Y o [ ¥ ¢ al dy a a ' 1
20NkUUIATNULEUBLAINIARTIAIERUN Tl T Blalunaindidnnselind A1Ady
a Av vyva i v | ~ = a v a ~
NANa1nNInlatAesNI1 0.27 D9ANTALR YA mqmmmtfmaamﬂaam’m 30 29ALYALYYEA

04 70 asFawaLtya

4.2 KANNISHASNISBINKUUINTSNUNEUD

anuiuglunsiagauugiilagldisuwesingungiinuuaiuduniueiainaiy
Aananalun1siale Lewnannarmaiuniuaus fegluaell dumneauinnnusmuny

NUINYULDSIADURNL LUUAUATUNIUTINAUANUAIUN LA I UEY UBNIINT AL

9 Y
¥

aumuneluaeuegiunisasuuuaivesgungiinindeudieiuiu saduaveli
Aeauliudusuluniserumvesmnudununeugesingumniinuuaumun 1l lu
uniagnandunalinnissasevesaiumuniunigluaalasldlalon 2 d7 waztunauly

AsNasaAIANUAIUMIUNgTuasTagasueTuivann LU
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4.2.1 NENN1TNUFIY

F9INUFIUANTUNTVINUTRLIUL DT TR M T UUANUA U UL NS BAY
lolen 2 dawanslalugud 4.1 [7-10,16] & Ry fie AU unIuveisuwesingungiiuuy
ANNAUNIY talen 2 ARzgniauseiulaleveuewges Ingum)luuUANAIUN LG

Ane1ANsunIunngluany (Lead-wire resistance) Negsenindvesauesiulalon

Dr
// N
’—:C — 7/ 1
lex
Ve D» R:

% P
O 7/ o

JUN 4.1 K9asiiugruvenatianisynawganuiununaigluaslaglilalon 2

AANNFUIUATEluaIggNIeAR 1N NBULLE T IAgMUTILUUAIINATUNNUERS
FAUMNIATUAN UAAIRIUT 4.2 39 Rwy Uae Ruz Wunusunmuntgluatsvesaslivg 2
v o (% v A a ] ! 2/ (% 1 ° YA 1
Wy dusurannishiinsdauenounty wsenunnaseulalen D1 uay D2 Anunlyidien
Wi Audumunieluaelasunisaweainnisliinseuansenu (Excitation current,

fex) WUV 2 A1ANNS

«——— Lead wire ———»;
é Rwl Dl RTD
. . NI
SET= s
Control Lex ;
station % I\ D> Ri
¢ RwZ
O—e AVAVAY, o -
««—— Constant ambient temperature —>

JUN 4.2 2nsauyavesnaiansyaeaumumungluaelagldlalon 2 67

NIEUANIEAU fe = I gnUNNlElua9as vililalen D1 ihnsswauazlalen D2 liinseua
WAAIAIFUN 4.3 ANFURUSTENIN WIIFU Vep wAENTTUANTZAU Tex AN0150LT8ULATUAS

AN (4.1)
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R L
e S
Vep b D: b R:
g 1

5UN 4.3 1995auyadmIU jex = 11
Vep = LiRe + 1Ry + 1Ry +Vy (4.1)

Wo Vpr 79 wsinunnasaulalon D1

dmSunsElanIEA iex = -11 NM9UTRdlalen D1 way D2 dsvinunsediuivaniugnou
wiil dupe lalon D1 livnszuauazlalon D2 Winssua LanIAeguil 4.4 AATULIIU Ven

Weouladussaunisa (4.2)

Ruwt D1
Rt
SUN 4.4 2995aULad MU fex = -I1

Wo Vo2 #9 wsssunnasaulalen Dy

wnidentaleniiaunawiuny D1 uaz D2 agldussiunnaseulalen Vor = Voz Tunaufjus
AMUATUNIUNIETUATE Rur = Ruz 118331nA081909a18 1919 2 anegwiniu fauadny
AUMULELLERS I ANYTUUUANUAIUNIU @usamlaaInnisaunisit (4.1) wagaunis

7 (4.2) waviu azlen
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R=——+2 (4.3)

ANNAUNULEULLDT INUNTLUUAMNAUNIY A1NANNTST (4.3) e Talnogauaiudn Ll
gaumniiinaeuvesaeliluaglalennsiivintu nidinlalenldaunssiu ildnsdndusasiu
anasexlalen D1 war D; liauusal ussiunnaseulalen (Vo) astuedivammgiininaey

2 o Yo
FuVsuleRaFNns

Vy = Linlo (a.0)
q s

o 7 Ae AATIlBsUsEdne (Empirical constant)
Is 7o NszaduAdaundu (Reverse saturated current) vadlalon
k fo Arasnvasluadesiug (Boltzmann’s constant) daindu 1.38x10 2 J/K

q fe AUszadidnnseu fayiniu 1.602x10°C

8

T Ao gaumgliduysal Iniedu K

4 KR o WIEIRT . 4
INdUN15N (4.4) SL‘L«!W]E]ZLI“U’EN — AB LIINUNINAVUUINIUIBYAD p-n 62]@\‘11@18@ LU BN
q
a a ' v a a A = a v
PUNNULIYNI LLﬁ\‘i@UL“NQﬂJ‘WQlI (Thermal voLtage, V1) N8R LN@QWMQ@JLL’J@@@MI@I@@

Waguly dendaansenureauaudiniauswuredlalon (Thermal effect) g wsadu Vr

a i

Vgaumailuandou 25 sarwaidea da1Useann 25.67 mV wavlaleniiliaunidiuazuans

U

luwmenvainszuadududdoundu Is vadlalonuwsiazia Tunsujuis n1sulaleaniaiy

aunssiutuynlaenn Feludunaunisesnkuuireasnuausluinerdnusaduiaiunse

1%
LY =

a Y ! 14 1 1 o 1o @ £ Ao &
‘Wﬁ]’]im’]LLN@U@ﬂﬂi@ﬂJl@@SNLLﬂJWU’] PNUU ﬁmlmmLﬂumaﬂs{’ﬂﬂiawmmmamwwmﬂumi

DBNLUUNAAT

4.2.2 YUNBUNITODNUUINISAULEUD

WBYNNITHIATLSIAUANATEN A LEA Vb1 kay Vb2 WUlgesinauialkuualng

9 Y

L% 6

AIUNIUILYNNTEAUMIB T Y IUNTERaNLAIN Yy 10uWad 3 58U (Three-step pulse
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signal) wandluguil 4.5 lngluudazszauvesdygranszuaazilu 2 wimesnszwanount

ANMUAIUNIUNINUA L ULEUN1INNS AN Elaanunsa AN ke aenade

(mA)
A
<—State |—}<State | I»;

3rd

20

I
0.5

2nd i

A 4

-0.5I1 -

2

JUN 4.5 dynaunIsianuu 3 seau

9AININNIUVRTUABUNUNEUD WARIANFUN 4.6 duyreuiad 3 szav agldunasdng
nszua 3 a1 Weliiigluniseduie Fsnisvinuveneasaglalulasiusivaigesiaymuag
AIUAY (Microprocessor and Controller Unit, MCU) Tun1suseaiananuuday amavialv

v

inniilunismivauaInduuukeuzasn (Analog switch, Sc) WevinliiAndyauiad 3

Ae G

——"W\ By
T iex Dl
. Ve D2 Rt
: ¢ RwZ
'Sc J_ aVAVAY
L i ________ MCU

5UN 4.6 199IMIvIhnuresunaunilaue
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N159119119003995Tu5UN 4.6 avuUalu 2 ¥19909F Y INTEAY fex Tugaeil 1 dryeyros

[ | PN [ 1J 1 [ 1 PN
nszuaduuinuagluaien 2 QJJiIQJ}WﬂJﬂiSLLﬁLUuaU Tudiun1991199989995 U7 1 WA

v A

NILUANTZAU fex N52AUT 2 (Second step) 9n5U7 4.5 Auualiidu L Flddunszua
o

91984 (Reference current) YUIANTEUANTEAU Tex WUTEAUN 1 WAz 3 Anuabawingy 11/2

way 21 AUEIAU LAAIAIFUN 4.5

R
L1

21 —3 — WV I
nd Sc Lex Dh
11—204:—0+— D» Rt
Ist E’Z-)ep Rw2 I
0.5[1——e E AN/
[
= o
= O\CEA TS N

o

JUN 4.7 2993Uanen1 37 uveeasluguil 4.6 Turien 1 @Eyaaunssuaduuan)

N13719UYeYe9 1 uanslanegun 4.7 lalen D1 tdinssua waz Dy litnssua dmsu

YUIANITZETUIZAUT 1 ASTRANTIAY Tex = 10/2 U590U Vepr WUl TuATauN159 (4.5)

I,
Vept = (RWl+RW2+Rt) +Vp1 =(Ry + Rz + R )2 +77VTInK (4.5)
1

e g, Ao nszuadumdounduvasialen Dy

[y I v A a 3 [ aa I aa o
W399 Vepr LUUTeRUNgnilGeuludyaandva lagldmuuasdoy aauueuzaendufdva

o 1 o

(Analog to Digital Converter, ADC) LLazQﬂdqlﬂﬂmumeQu MCU d1ufutuianszia

v v - [y a Y &
FEAUN 2 NSTUANTEAU Tex = |1 WIIAU Vepz Weulaiu

|
Vepz = (Rup + Ry + R ) 1 +77VTInI—l (4.6)
S1
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I
LYY

AAUATIA WIIRU Vepo LU 2 IUB9UTIU Vepz Awraulneldlulasnoulnsaaas feilu

Y a Y
W96 Vepzz @ansasteulatiu

|
Vep22 =2(Ryy + Ry +R) Iy +21V; In[l—l) (4.7)
s1

Y1 | o 1 1% U 2
iiiulidn 2 whveussiuanaseulalen w3e 2Vor aeandeaiuimney vy In(1/lg,)

fatiuannisi (4.7) anusadeulailu

2
|
Vepag = 2(Ryy + Ry +R ) I+ 7V In (I—lj (4.8)
S1

AMSUYLIANTERATZAUN 3 NTZUANTEAY Tex = 21 AIUULIIAY Veps ANWITOMTLARINANNTS

21
Veps = 2(Ryg+ Ry +R ) Iy +7Vy Inl—1 (4.9)

S1

NAUNITT (4.8) LA (4.9) Vepst WILAINHAGNEIINAITAY Vepz WAY Veps LT UATALNT

(4.10)

2
Vepss =7V1 | In LI A =n\Vs 1 (4.10)
ISl S1 2|Sl

1aun1sh (4.5) audieaunisi (4.10) NadNSVBIENN1TABUTIAY Veps2 1Waulatduannns

(4.11)

| |
ep52251Rt+El(Rw1+Rw2) (4.11)
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31NaUN15N (4.10) wag (4.11) uansussiunnasadlalon Vor wagAuiiuniuyaualy
dun1anszha aud1au lun1ujos dvuelianusiuniunieluate Rue = Rwe =Rw

1119991NANUEIVBIANWINAY Fatiuann1sh (4.11) Weuludlaidu
Il
Veps2 = > R+ LR, (4.12)

A101309ANAANAIUNIY Rw 1AINN199191U1093995MU%997 2 Bauanansgud 4.8

Rwl Dl
e i) ) e
nd SclY e
‘h—2"e e - Vb2 D» R:
Oen Rw2 ¢

MCU

JUN 4.8 299350anen157nuYe99sTuguR 4.6 9337 2 @ryananszuaduav)

a v < o @ £% ' @ <
NIUN 4.8 BUIANTEUANTZAULTUNTELFAU ANUUTUIANTEUANITZAUVOILADZTEAU F8LUU
1112, 11 way -2l Ansannszuanssau e = -11/2 Fadunisivuanislvavesnszua vl
lalon D1 Witnszua was D2 Unssua ASUULIIRY V,, Anasauluun X uas Y 1y

aunsiadu

[
Ve = LR, +7V; ln(ZI1 j (4.13)
S2

e g, A nszuadudidaunauvedlalon D;

N1IVUFURAITUYIN 1 LTIV, @101509AINNTEUANTEOU Tex = -11 TunNTZUA

seerun 2 Weulenduy



43

Vyrp = 21,R, + 77V |n[|'—1j (4.14)
S2

W1aunsi (4.14) wngauiie 2 sgldaunislvaidu

2
|
Ven2o = 2Venz = 4'IlRw + 77VT In (|_1J (4.15)
S2

Nnszuansziy e = 201 Tunszuaszauil 3 usanu v,,; anasoulvun X waz Y Weuldduy

S2

aunshl (4.15) ause aun1si (4.16) aglanssiu v, Weuaunisladu

2

| 21 |

Vongg = Vg |n[—1j ~In [—1j =V In—1-< (4.17)
ISZ S2 2'52

NEUNIST (4.17) ¢ l@uses Ve anaseulalen Do wasiiiewiaunisi (4.13) unausae

AUN15N (4.17) aunsasuaunIshaLy
Vens2 = Ve ™ Vens1 = I1Rw (4.18)

91nauN159 (4.18) azlaAranuauniunisluats R, = Vg, / 1, ludiuvesninudiuniu

ns2

UG DSINUMATWUUAIINAIUNIY Re Md1nN1SUNUaunisi (4.18) asluaunisi

[y

(4.12) il

(4.19)
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ndilananuntudiedu azdiuladndefvesiunouniseankuuiesiiiausfie Ay
AUNTUYRATULDTOUNDALUUANUAIUNIL Re AMAUMUAElua1E Ry LAY LSIAUAN

Asaulalam Vpr wae Voo @unsamantaeggiuen

4.2.3 NM999NUUUNITNUNEUD

n1seRnLuUlsTiUIEueldmainsassindy i (Mixed-signal circuit) @<

UsznaulumensyinauiiuuLa UL AankazAava UaanlnazwnsuuaunataNuiEuLans

Tugui 4.9
Adiﬁ‘ R
Three-step T lex D
current Ve D> R:
source l Run
NV .
ADC » MCU

UM 4.9 vdenlpezunsuvesvadafiiiaue

9N3UT 4.9 2sdyanuueurAenUsznouMoImasTenITIa 3 58U (Three-step current
source) 2WATVEIEYY1UNAHS (Difference amplifier, Adir) 2WITVEIEYYIUNSULNALUY
198397 (Phase-inversion-switched amplifier, Apn) [23] @21299 581 auAdiaiAulas
Ty auauzaenidunaia ADC dululaslusiawesuazmhemuny MCU Tevia ADC ua
MCU gnsasinuueinlulasaeulnsaiaesilidwmiuniamnaes dyananiad 3 szduaingy

v

4.5 a5197u91n2995TUgUN 4.10 Feazgnuuseenilu 2 d3u n19iud18v991995R8

=b.

WASITIBUITIAULUU 3 526U (Three-step voltage source) Lag NNNATUVINADIATUADY
LY I = | N Ly I

ussnutdunszua (Voltage-to-current converter) @sludiuvesnasivasunssnuiunseua

Usznaunay oouueutd (Operational amplifier; Op-amp) A1 N51UT@LHD3 (Transistor) Q1

AU Ry, Ro way Re
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Ve

Three-step voltage source Voltage-to-current

i converter
Ve
+ Vig |
As R ENYYY &
> R .
! llex
er Rr2 Rr3 i
T i

5UN 4.10  unasdnenssua 3 sedu

1NNNTHATENNIININULDNRTIUFUN 4.10 AUFUTUSITENTNINTLRANTEAY fex bDE

LSIFUD1BY Vier bandlaidusiaaunisy (4.20)

Lz RZ Vref +VCC (R1+R2)V

a (4.20)
7 RRe Re RRe =

o Ve F9 urasdnoussnunasosvuent Ay

1NAUATN (4.20) D1iWualA R = Rz, Vor = Vee/2 Uag Rz >> Re awlanssuanssiu iex
WJu
\Y/

iy, = r:; (4.21)

nauMSh (8.21) YUIANTEHALULABYITEAUNTEUANTEOU fex IgunarnnisiUasunUaus sy
SradaiielilaaTimunzay wasusssuiusedeinaunisd @.21) launainunasainuseiu
3 wf?fmmqé’m%’wmamwammguﬁ 4.10 @ainduauraen (Analog switch, Sci) hagda
Funu R gnenuauuuunisievdalasld Mcu wlellfnszualuusazszdv Tiundsane
WS9RU Vs asfitiioagldadiaussfugnede Vie eavuond Az indhiiduisasaiuusaiy

(Voltage follower) iiadoariunansgnunisinanuseiinnisaaneudyaruainiinisazdy
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(Loading effect) @115UTUMBUNITODALUUIATAUNEUD AINATUNIY Re1 69 Rrs 9
A o a I a ¢ a 1% A o q v Y
Wanseiukuuvuulneliveuzdonaing Sci NnruaNaIe MCU wevilvivuianssuansedu

iox Tutsazseaudu 11/2, 1 way 21 ks39ud1989 Vrer @13150A1U20419270

RriVS

V __no>
(er + Rri )

deiz1,23 (4.22)

refi —

L39AUE1989 Vier gniouludnsasivaeunssiudunszua oadsdyaanssua 3 sgiu
ALY NITUANSEAU Tex wiagszauilu 11/2, 11 uaz 211 JUN 4.11 wanssasiieaniuudmsy

WALANUILEUD

Three-step
current
source

t Oade

ADC — MCU

v
7
U -
3 <
9] -
g <

Ui 4.11  Kesveanadiaiiiiaus

9n3U7 4.11 gagunsaladnduouzdon Se ldilomiuauiian1insluaveanssuanszdu e

' [ '
[ a Y =

MsTUYenRsaNIsaesuelaRed Yaeit 1 vestumeuiithiaus MCU axvhaiiitluns
AIUANAINT Sp lUEIAILMUL “A” NTLUANTEAY Tex IMARNIUAIIUAIUNIY Rue talama Dy
ANATUNIY R LAZAINAIUNIY Ruz W5aduLaUZEDN (Analog voltage, Ves) gnuenelng
29951 S AUNARNS Adin Wle W ldANTmanzanfunisiden Tnesasvenedaamnana

LanaRagun 4.12
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Xo R~ R7»
—VVYV 4 AVAAY, _I_
R Re1 0 O
Re>
Y o R73 Ry

JUN 4.12  1995v88d 1 NARN Aditr

UM 4.12 A mualiadud 1 unIu Rer= Re2 = Re Waz Ruz= Rr2 = Rz = Rua = Ry

(%
o

Uy 10001ANA Vaift VBIMITVEI AU IUNAA UARLFaunIIN (4.23) [24,25]

e

2R
Vit = [1+ R_6] s Gaves (4.23)
G

lugun 4.11 299svengdyaanauanuuldaing Ap Ussnauie sedueud As, Ag 7

v = a ¢ 5 o v o PRI Y] A )
A1UNIU Rs 59 Rs hag @aintuougdon Spn VMU UNITNEUAILTIAY Vair MJuAau

a @ Y

Tua99 2 vesturounttaus Tmduaruiniadeulinu ADC eaUkond Az intndusi

¥

WIsuisUd N on 52980 UAA NN N IN TN UD I YIULTIAU Ves O1FQYEYIEULTINU Ves

¥

Duvandmsulutaeg 1 eouwed As azarunuadng Spn 19 “1Un” dstunsvsveiedyaiu
nduwlawuuldaindgniialiduasesvenewuulinduma (Non-nverting amplifier) lng

gnsn1sveneidu 1 wasdmsutaedl 2 dyaaunseiu ves tuau seduad Ay azmiuny

Ch o

a s YA 9y & [ [ Y a Y @
a30% Spn 1 “Un” Aatursasvenedgygranduinanuuldaintgnyinlmiluisasvesnuy

Y

a

nauLa (nverting amplifier) Tnefionsinisvetoidu 1 n15Wdsunyaire91935ve1e

fyaaunaumawuultaing Weulaasaunisn (4.24)

Gavesi ANNUSU Vesi > 0 (4.24)

adc —

-G,V AU Vesi <0
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[y

lﬁl - o U U o U U
Wo i =1, 2, 3 @AsudeIaunseid 11/2, 11 wag 211 aUaNU JEYsy1eubIIAY Vest, Ves2 WaE
! o Ay v ! L a LY = & a s <
Vess VMAarsEauile gnasluds MCU lumadeniu Wegngunsalainduausdeon Sp gn
AIVANAIE MCU lUgssunus “B” Feagiliiinnssuanssoiu ie Waluiianimssiudiy
NIZRANTLAU iex 2210aHIY AWAIUNIU Ruz talen D2 uazAd1ud1uniIu Ru lulsias
v LY LY =2 ! 1 1 [ o v o v ¥ ¥

TEAUUVDIFYYIUUTIAU Vest 819 Vess gnaarueg 1 luad1dulugds MCU datiu adasinumiu
Ru1, Rwz bag usssunnaseulalon D2 Tultdunisvenssuanssiu ie a1u15amlany

JunUNNANDIUINTD 4.2.2

4.3 A15ATIZNUTEENS ANV INATATIUILEWD

ANukiuglunsmarAuiUnIun1gluag Ry Anasinumulguieesingangll
LuUAMNELYIY Ry tasussdunnasoulalen Vo saemaiafitiiausaiisagnsuniuld
Nnandnuarliiugauad (Nonideal characteristic) yosgunsaifililunismaaes @ 3
Hadendniiiuanvnuesdenanarnlumedafivaues Jadousn thaainvuinvesnssua
n3¥AU iex Nenaliluusagsedulutn 1 uazdaed 2 sibiiAeaalaiutiugilunisdomen
Armguuazissuanadeslalanlutureuiiuiaus dwsusesilasuussiuunszud
Tusuil 4.10 AmnuRanatmyesiaumuililumsmaassitliiindinuinnainves
NIEUANTEAU Tex IINANNITT (4.20) AIWANTUSIENININTLUANTLA Tex HUUMAITIBUTIY

91999 Vief SUDIARANAIAVDIFIOIUNIU @1usaUszanamlaaunisaasaluil

V
NS F;ef 1 reer (4.25)
C
o AZ (4.26)
5
2
V, 2+Ag) Vg
loffser = Fgc _ AR)RL (4.27)
2

Wo  Ag AD AMURANAINYDIRIAIUNIUY
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PNANNTT (4.25) Anuianainvesidnunu A, ldiAnaufianain & lunisudas
NTLUANTEAY fex TUANIDYIUMBUUINNIIFIUYINVOIANNT ANAINAANAIAAINITE
vandedlalasnsunudadnuniu Ry Tugud 4.10 fesdumuwuuuiualduazuiuamia
avidunvosAnudum Ut fuAAud Uy Ry wenanil nsvuavaie (Offset
current) lofiset W57l (4.27) annsasaiislalnen1suSunsaiu Vor iitelslaanfimansay
Paduii 2 AuRanannandnsvens (Gain error) vav9asvEsdmundumaLuuldadnd
1ugﬂ‘ﬁ 4.11 ¥liAnauAana 1 nTudy I MwSIRY Vage TIFQYIUUTINY Vage 113710
1asvenedygrundumaiuuldaing feowmgiidaduniu Rs uag Re dadanatn A,

WS Vage @3150Us2LNuA ol usiaainsi (4.28)

)
" G, Ve d3U Ves> 0
[+3)
2
_(1_APJ
N N v U Ves< 0

2
a’es
%)
2

P e v v aa Y a o =
31NANN15N (4.28) N15KEBNAIRIUNIU R uaz Re Nllaulndifiesiuunniign svaunsnan
AIAIILRANAINIINONTIVENBVDITVRE I aunduaLuulTaiadla Jadeq 3 Aru
AanannaInsnsveeiatuainauldanmsEiuresdidunuluasasveiedygiunanig
Aditt TuguTl 4.12 egnalsinny wesasedyeanadafilddmsunisuaassduiverinus
o & saa a & A & = v ) ! Y ) v
atuiiilugunsainfivielunaindidnnsetind Fermruduniuainanlagnusuusie
awasinalAlauaune iU [21] AUy mnuRana1nInsnTIvesazialosnng wazll
JHAVTOTUNIUNMTVINNUVBINTNARRIUINGWNUSY A1AIUAUNUIINNTNFUNA VoY

ainduuuouraen Sp linansynuiudygin Ves Ndsiuludnsasvensdygimnanis
Auift

4.4 ANSVNAADIUAZNANIINAADIVDINATNULEUD

\egudutiausganinmueieasiunaus 2995lugui 4.10 uay 4.11 gniunsieas

UBsANAaBLiaINIIVInaB
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M13199 4.1 gunsalweninitldlunisnaaeuieas

gunsal was
WITVEENAA (Agie) AD620
poUwaNd (Ag, Az, As As) LF353
WAL ITUAT (Vo) REF3025
NIUTaLmas PNP (Qy) 2N3906
lolon (D1, Dy) 1N4148
ainduauvden (Sci-Scs, Spn) CDA066
Yarmdiauzion (Se) CDA053

A5199 4.2 ANWISITLASNIFLUNISNAADUINAS

N15NDS Aiildlun1maaes
WIENT LS IRUAT Vs 2.5V
WaI8L30U (Vee, -Ver) +15V

45991 Vop 5V

L399U Vot 7.5V
FA1UNIU (R1-Rs) 50kQ
913111350878 (Ga) pt100 419
8131N139878 (G,) pt1000 2 1

1NNIVYUF Y TUNARAIIUDY AD620 ANRIINATUNIU Re1 thag Rep HA1 24.7kQ [26]
Fatfu Awfuny Re Amiusnsinisuens Ga it 4 wiuag 2191 Sefuanainaunisd
(4.23) fiandu 8.23kQ uay 49.4kQ muady lnsfinaaduniu Re agldiiumiunuy
Usuenlel titelddmsuusumarusnumuliidulumuandiduia wuwesiagamgiivuy
AUEIUNIY PtL00 wag pt1000 JunisiSendenuaiaudiuniuy fef 0 ssrwadea
AuAun1uly 100Q wag 1000Q ALy 'g‘dﬁ' 4.13 UANIURIANARDIFLLUUYDIISITT
thiaue lelen D1, Dz wazanglrignivualiflgamginindeniiiu nszuadusdoundy
Aunianaunsi @.4) 16 1s; = 159nA wag Isz = 1.45nA e faussdumnasonlalen Vi
Loy Vo Anszualudanss Ip 1du 1mA dnefiileuszdng n=1.765 nsznanseiu I

Arvualiridu ImA §957U heayseiuvaensehd 3 52U 11/2, 11 wag 211 Wu 0.5mA, ImA

way 2MA AIUEIRU WIITUDIIBY Vier Voasazseautiu 0.5V, 1V, 2V fduniu Re, Ry,
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R, Rz ha% Rz Aulaia1naunisa 4.22) Tevdu 1kQ, 2k, 8kQ, 3kQ 1az500Q
AIUBITU TR 1UNIU Rra 049 Rz M usduniudsuals iiefazusuilaguniny

grumulimduluanuanduinls

(s v

gy dbiwiiie,

3UN 4.13 Uo3AVIAaIRULUUYIIATI NGNS

ANUAIZEZLIANVB IR IZAUTDINIZRanIZALTUTI97 1 waz 9297 210y 10ms Lile

¥ o [ s

panagINIsinANsaunislu e nusldmnladavesduuiunseaud s uuwasin

L) q

pd)

QUNHIWUUANUAIUMIUNIAY 15% nIzuanseiulugied 1 aglamiusuwesingumg
WUUAMINATUNIUIINY adliidudedlu pt100 waz ptl000 Uszanu 3.06uW Lazy

a

30.62uW pudndu Fedlendiesain et MsuAsULUasAIAMF UL UTe IRy
wuuandunuiesnnanufeuludiesamisadainsld lunsmaaeudssansnmues
wadlafivnauslinageusienisldmiieUssiana 2 wuu wieUszananadyanamwuud 1
McU Tu U 7 411 QNLNU fd28TU5unsy LabVIEW (Laboratory Virtual Instrument
Engineering Workbench) Fa1iulusunsunmsinuazavausiiuneufiameslagldlusunss
nosTu NI LabVIEW 2014 \Jessiofuuesaueuzdendunn/ie1dwn (Analog Input/Output,

AIO) Ju NI-USB-6361 Muna1nuiemiudauwua duanguudia miieUssiianadaanauwuui 2

McU Aldidululasaoulnsaaesfilduasa ARM cortex STM32 Nucleo-64 fa3aumneia
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FouAAINA LCD [27] A1AUAIUNIULUYRT IR LUUANAIUNIY Redmsu ptl00
LAz ptl000 gndnaswitunaeeA1AINA1UNINLUUUTUATL (Resistance decade box)

° o ad A = = = =% o o su ]
ﬁ']ﬁiU@mV]QiJVlLUaEJUQ']ﬂ 0 29ALYALEYd UNY 300 DIANYALYYE YIAUNUTAU AIAIL

]

AuNIU pt100 %29 100Q2 - 213.93Q uaz ANAINAIUNIL Pt1000 %29 1000Q2 - 2139.3Q
ANETOENUNd Y ulasUnAldaenoInnIuuIn 26 AWG gﬂﬁ?ﬁaaasﬁu‘lmﬂ%’ﬂdaam
auumusuuUSuRldieldununnueaethdyaa 111 lwiveriinugaduil s
Aruntunigluaiegnuysaiain 0.2Q - 20Q wWisuladualide1daty 15m da 150m
AIUAIAU ANNTUNUIEUTEUIANATY QY10 AEIN FumaunTurenwsilauesmds
Teyeyrauiiad 3 sedu gnadalagldlusunsy LabVIEW Tnefifiuasn A0 Midausaiulusunsy
LabVIEW 1§ Udayn auisaiu Vage 3nueianaans luvauzifofuiniuauliuesannass
aadygnainseua 3 53R e tielunseduuimes ingamginuuanuium Tnelutisd
1 NIBUANTZAU iex WTUUIN I0uATATIAAIAINIUSIATY LabVIEW AR Vept, Vepzz, Veps 111
Ausssunnasonlalen Dy RN Vepes - Veps sulumuaunisf (4.10) lugasdl 2 nszua
nszguiluau Touazaudna19nTUsunsy LabVIEW L6AT Vent, Venzz, Vens 1AL UAN
asaullolen Dy 1600 Venzz = Vens WulUsuannisil (4.17) uwaganunsaven Re ldmuaunns
i (4.19) 3U7 4.14 uaz .15 wanslnezinsunsifeusouasnnsinsensnnassenaiai
Unauslagldlusunss LabVIEW auaasiu mngﬁ'ﬁ 4.10 dYUIUNITZUE dex LANDINNTT

1%
| v v v o

PUABTENINNYN a hay a’ At dyyrauiad 3 seau Nas1aannlusunsy LabVIEW

=%

b

Yousiafiuvasa A0 gnia i duunsenu v dyarunssua 2 fiannsgnaunulaeaing Sp

—

'
[

FANIUTUNTH LabVIEW n3n3URRUvesdaye)1sunsesa 3 S¥AU iex 1a3519019 000350

NARDIAAIGIFUN 4.16 MIAUIUAIANNAIUN UG UYDTIAUNTUUUANUAIUNTY Ry

a

wsanunnaseslalon Vor kag Voz wanslun1sedl 4.3 in1snnasinigigusesingumngl

)
WUUAINAIUNIY PtL00 ANAURANRIN & VBINITInQMNYHINTUYaTIngMn kY
AMUAIUNTY meé'qgﬂﬁ 4.17 ﬂ"lmmﬁmwmmmm‘?iqmammmﬁﬁi’mié’ﬂszmzu 0.18
NGB! mﬂgﬂﬁ 4.17 MndidesvasAnadenuRanainidaes (Root Mean Square
Error, RMSE) dmiuyadoyavesaiainuiianain & Ainldeglutia 0.08 fs 0.15 s
waldea asil 4.4 LLazgiJ‘ﬁ" 4.18 LEAINANITIAAIAINAIUNIY Ry wssnunnasaulalen

a

Vo1, Vo2 WagA1AURANGR &, YBIN15ingaingil auanu Weildeuiguigesingumngil

Y
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wuuAMNAUMILLTY pt1000 fedeulunsmaasafisaiunimaasaneuntin U 4.18
LARIAAIAANATN £, NINTaRvRsUTEINA 0.15 Bariwaldea warTInTiaesvesA LRy
Auiiananadsaeadsundadlugng 0.04 f1 0.1 ssrnwaiBea sziulsinnnuiiomain
& i &, @ndies esanwuwesingamainuuamnusumu pt1000 danaligandd
pt100 uBNIN AIUAANAIATEI & uay &, SuRnanAuRanaInvesNITAILIN

nsruadNsgaunau ls1 wae Isz 3ntalen D1 waz D2 muaisu

Computer
LabVIEW Graphical User Interface
USB

Lead Wire Resistance [—VDl—
AN P
Rw1

Vb2 RTD
+

Rwa
AN

AIO board Prototype board
(NI USB-6361)

U 4.14 laezunsumsifeusiegunsaiveanailaiidnauslagldiusunsy LabVIEW 1Tu

MCU



my.
.

Y
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M13197 4.3 NaNTINE TV LR TINRUNILUUANNAIUNIY (pt100) MEAINAIUNIY

aeluaneNnuananeny tnglduasa AIO

Lead-wire

Resistance (Q)

Temperature (°C)

pt100 RTD (Q)

Diode voltage (mV)

at 30°C and I, = 1mA

-0.05

at 30°C Vo Vs
0.0 0.00 50.00 99.97 151.00 200.11 250.00 299.00 600.68 598.21
100.00 119.40 13850 157.70 17590 194.10 211.70
0.2 —0.03 50.05 99.89 150.89 200.14 250.03 298.94 600.68 598.71
99.99 119.42 138.47 157.74 17591 194.11 211.68
1.0 0.08 50.18 ~ 100.05 151.16 200.14 250.08 299.03 600.71 599.28
100.03 119.47 13853 157.76 17591 194.03 211.71
5.0 0.05 50.16 100.10 151.14  200.19 250.08 299.03 600.78 599.64
100.02  119.46 13855 157.75 17593 194.03 211.71
10.0 0.11 50.13  100.10 151.14 200.19 250.08 299.11 601.04 599.77
100.04 11945 13855 157.75 17593 194.03 211.74
15.0 0.08 50.13 100.07 151.16 200.22 250.11 299.11 600.75 598.25
100.03 119.45 13854 157.76 17594 194.14 211.74
20.0 0.11 50.16 ~ 100.13 151.16 200.27 250.11 299.17 601.07 599.86
100.04  119.46 13856 157.76 17596 194.14 211.76
0.20 - B Rw =0.2Q
B Rw=1Q
0.15 -~
M Rw =50
0.10 ~ B Rw =10Q
g B Rw = 15Q
f 0.05 A B Rw =20Q
=
o]
%D 000 1 Temperature, °C
g
3
=

-0.10

-0.15

RMSE =008 | RMSE =0.14 | RMSE =012 | RMSE = 0.15 | RMSE = 0.09 | RMSE =0.09 | RMSE =0.10

5UN 4.17 A1AURANEIAINNTINgMUM

0.00 50.00

99.97

151.00

200.11

AV

AlO

250.00

299.00

NRd M3V pt100 MAIUSLNTU LabVIEW uazuasn
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4' o o o (5 a ¥ ¥ U
19199 4.4 NANITINETNIULTULTDIINYUNINILUUAIIUAIUNTY (pthOO) AIYATTIUNIUNTU

aeluaneNuananeny tnglduasa AIO

Lead-wire

Resistance (Q)

at 30°C

Temperature (°C)

pt1000 RTD (Q)

Diode voltage (mV)

at 30°C and I, = ImA

Vot V2
0.0 0.00 50.00 99.97 151.00 200.11 250.00 299.00 600.67 598.19
1000.00 1194.00 1385.00 1577.00 1759.00 1941.00 2117.00
0.2 0.05 50.05 100.04 150.92 200.12 249.95 299.14 600.67 598.21
1000.19 1194.19 1385.27 1576.70 1759.04 1940.82 2117.50
1.0 0.02 4994 9995 150.92 200.14 249.95 299.08 601.44 599.51
1000.08 1193.77 1384.92 1576.70 1759.07 1940.82 2117.29
5.0 -0.02 50.06 100.05 151.05 200.14 250.11 299.08 601.41 599.49
999.92 1194.23 1385.30 1577.19 1759.07 1941.4 2117.29
10.0 0.05 50.08 100.08 151.05 19998 250.11 298.93 601.41 599.48
1000.19 1194.30 1385.42 1577.19 1758.52 1941.40 2116.75
15.0 -0.02 50. I (RO  ABIA10) 200273) Y2 56risvy 298, 12 602.15 600.26
999.92  1194.42 1385.57 1577.37 1759.44 1941.47 2117.43
20.0 0.04 50.08 100.12 151.14 200.23 250.15 299.12 601.93 600.11
1000.02  1194.30 1385.57 1577.52 1759.44 1941.54 2117.43
02 B Rw =0.2Q
AN B Rw =10
B Rw =50
0.1 B Rw = 10Q
B Rw = 15Q
0.05 = Rw =200

Measuring error &, °C
o

| | | | | |
RMSE =0.04 | RMSE=0.08| RMSE=0.11| RMSE=0.09| RMSE=0.11| RMSE=0.11| RMSE =0.10
1 | | | | | |

50

99.97

151

200.11

250

299

Temperature, °C

5UN 4.18 ArAuilanaInnNMsingamngidmiu pt1000 NlElUsunsy LabVIEW uag

Uasa AlO
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dmSundisUszatanadygiawuud 2 aunasi (4.5) 89 (4.11) Ausuannuesa
lulasneulnsaiass (Weusiogn a uay a’ adndusuzdon Sci fa Sca uaz Sp gRAIUANAIY
vesalulasreulnsaiaes iieaded s afus1989 Vi da10usfus1ade Ve an
waadunszuanszdu i lngliraasasuussiudunszua wWwuiReitu dygrunszua 3
seiU wansfaguil 4.16 Tneduvasdyyraneuzdeniduditagnsivegluvedn
lulasmoulnsataes fedu vasa A0 Seldsndudmiunieyssuiadyaiauuud 2
lnazunsudmivlulasroulnsaaessiuiananinatazigwiga i ingunlinuuaAIy
Frumu uansdazuil 4.19 mshedsnisnaassmiieystinanadyyiad 2 uandugud
4.20 W93 INRANILUUAIINAIUNIULAZAINEIVDIEE LI N VUMENEDIA1AIY
fumunuuUsuaild msveastegaisldieuluivatuniisyssatanadyaauuud 1
AN9197 4.5 Uag 4.6 LandAAaiuny Ry wagksadiuanaseslalen Vo uay Vo, d1mu
pt100 waz pt1000 MNEIAY AIAIURNANANN &5 WAL &, maqqmugﬁﬁi’mﬁm%’u pt100 wag
pt1000 uansluguil 4.21 waz 4.22 a1ud sy AraauidanatauIniigadiniy ptioo
Usganad 0.25 a9rwalded way ptl000 Uszunad 0.21 89ANwalTad ANAINNAANAIALIN
flanves ¢, Wz &, fiAanniAgagavesAIARawan & uay &, mudy dudy
Wms1gAuazBgnvesiaLlasdyinueusdonduiivaluveinlulasaeulnsaiass
Nucleo-64 tioaninuesin A0 TnfidesuesAtdsauiianannfiidsaesdvsuyndoyaves
ANURANAIANTA &5 Uag &, BEluTIues 0.10 §9 0.21 Berlwaldea uag 0.11 f3 0.15

DIANTALTYE AINAIAU MINNINARDINLNUIBUTZINANA YL UUT 2 AToAlua1und

F1A19N VUIALEN wazdilasasaTieuie

Microcontroller board
(STM32 Nucleo )

Display board

Lead Wire Resistance Vbi

A\ f Pt _l
¥ —

Rw1

Vo2 & RTD

+
Rwa l
2A%%

Prototype board

JUN 4.19 lnezunsumsidenseniseaedagldlulasreulvsaaesidu MCU



chrocontroller and dxsphy bm

r ey

. = //

UM 4.20 nsfnsansnaaetlagldlulasaeulnsaaesidu MCU

/,_.
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M137991 4.5 HAMTINFMS UL UL TINRUNATWUUAINFAIUYIY (pEL100) AIEAIUAIUNIY

aeluaranunnaneiu ngldlulasaaulnsaass

Lead-wire

Resistance (Q)

Temperature (°C)

pt100 RTD (Q)

Diode voltage (mV)

at 30°C and /, = 1mA

at 30°C Vo Vo,
0.0 000  50.00  99.97 151.00 200.11 25000 299.00  600.65  598.20
100.00  119.40 13850 157.70 17590 194.10 211.70
0.2 024 5025 99.95 15114 20020 250.11 29885  600.65  598.19
99.91 11950 13848 157.75 175.93 194.57 211.65
1.0 024 50.16 100.02 151.16 200.21 250.11 299.25  600.67  598.45
99.91  119.46 13852 157.76 17594 19457 211.79
5.0 021 4995 100.16 151.14 200.24 250.16 299.25  599.87  598.45
100.08  119.38 13857 157.75 17599 194.16 211.79
10.0 015  49.95 100.14 151.18 200.15 25024 299.14  599.94  598.86
100.06  119.38 13856 157.77 17595 194.17 211.75
15.0 021  50.18 10021 151.22 200.18 250.16 299.18  601.12  599.23
10008  119.47 13859 157.78 17597 194.16 211.76
20.0 021 5022 10021 151.22 20024 25024 299.25  601.12  599.24
10008  119.48 13859 157.78 17599 194.17 211.79




0.3 1

0.2

e
=

Measuring error g, °C
o

i
|
|
RMSE =021 | RMSE =0.17 | RMSE = 0.17 | RMSE = 0.18 | RMSE = 0.10 { RMSE = 0.18 | RMSE =021

0

Y

50

99.97

151

200.11

250

299

|
|
I
I
|
|
1
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B Rw =0.2Q

B Rw =1Q

m Rw =50

B Rw =10Q

B Rw =150

B Rw =20Q

Temperature, °C

JUN 4.21 APNEIaNaInaINNTIngangidmsu pt100 Nldlulasreulnsaiaes

M99 4.6 HANMTINEMTULTULLRTINAANTUUUAINFIUNAY (pt1000) AI8AIUAIUNIY

aeluaneiwananany nelslulasaoulnsaass

Lead-wire

Resistance (Q)

Temperature (°C)

pt1000 RTD (Q)

Diode voltage (mV)

at 30°C and I, = 1mA

at 30°C Vi Vs

0.0 000  50.000 99.97 151.00 200.11 250.00 299.00  600.68  598.19
1000.00 1194.00 1385.00. 1577.00- 1759.00 1941.00 2117.00

0.2 041 ~ 50.12 100.01 151.14 200.14 250.05 298.94  600.68  598.20
1000.42  1194.46 1385.15 1577.52 1759.11 1941.18 2116.78

1.0 0.14 4995 100.05 150.98 200.18 250.08 299.16  601.10 59858
1000.53 1193.81 1385.30 1576.93 1759.26 1941.29 2117.58

5.0 011 4995 100.12 151.05 200.18 250.05 299.12 60090  599.11
1000.42 1193.81 138557 1577.19 1759.26 1941.18 2117.43

10.0 011 50.15 100.12 151.18 200.26 250.16 299.18  601.14  599.30
999.58 119457 138557 1577.67 1759.56 1941.58 2117.65

15.0 045  50.12 100.14 151.18 200.22 250.18 299.18  600.86  599.31
1000.57 1194.46 1385.65 1577.67 1759.41 1941.65 2117.65

20.0 015  50.15 100.18 151.21 200.26 250.18 299.16  600.87  599.26
1000.57 1194.57 1385.80 1577.78 1759.56 1941.65 2117.58
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0.25 B Rw =0.20Q
02 B Rw=1Q
B Rw =5Q
0.15
B Rw=10Q
0.1 B Rw =150
0.05 ® Rw =20Q

Temperature, °C

Measuring error g, °C
o

i i

| |

| I I | |
RMSE=0.14: RMSE=0.15: RMSE=0.11[ RMSE=0A131 RMSE=0,15}
1 |

| |

I | i

i
I
I
I
I
I
l I I |

i
|
|
RMSE =0.13 } RMSE =0.11
|
|

-0.25 t t t t t t |
0 50 99.97 151 200.11 250 299

JUN 4.22 FanuiiananainnTingangldmiv pt1000 aldlilasaeulvsaiaes

wennil neaadagldaglnvossuweiingamginuuainmsumiu pt100 graisdului
30 wns dmiunisingamgisseslnalaglduesalulaspoulvsames Nucleo-64 arefign

WndnlunsnaaesnTalld aglnvewnivuin 26 AWG wug AuAuIuYesangliiien

s
a

MiauRe 0.134 Q/muavduuszavsenyad Ao 0.0039 QO Q°C[28] faviu ANUFIUNTL

9 Y

aeluaeinaldussinu 8.04 Q[11] gamgiinindenvatangliuazlalengnuusa1ain

9 Y

4

30 paALEALYE 9 70 BIRNYABEE A1TNN 4.7 wAAIUVQINIA AIAUAIUNIY Reuaz
wssiuanasaulalen Vor kag Voz ANRINAANGIA & 31NNTIngaunainveseugasin

QUNATLUUAINAIUNIWETBUUTAIIN 0 619 300 BemvaLTea Laneiaguil 4.23 A1ady

9 U

a -

Aawanmunnigaiinlduszann 0.27 ssmwaifea sindidesvesaiafoanuianaining
a0 mSUYATeYATBIANANURANGR &5 BgluYITENING 0.10 3 0.22 BamiwaLTed
mﬂmiwmaaumiﬁﬂmwamwaﬁﬁwLauaé’hwmwizmamaé’@mmﬁgﬂ 2 WUU
wandliifiuintuneuiiiauesiudausunuguse s tagangduuuaudumu Ry
wazussiunnaseslalon Voo uag Vor leograusiudt madaitinausiiussansamdmsy
szuumsinszeglnalasnslfieuesuuuanudumiu snalundniu iededaunsonuey
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Abstract: A procedure for the precise determination and compensation of the lead-wire resistance of
a resistance transducer is presented. The proposed technique is suitable for a two-wire resistance
transducer, especially the resistance temperature detector (RTD). The proposed procedure provides
a technique to compensate for the lead-wire resistance using a three-level pulse signal to excite the
RTD via the long lead wire. In addition, the variation in the lead-wire resistance disturbed by the
change in the ambient temperature can also be compensated by using the proposed technique. The
determination of the lead-wire resistance from the proposed procedure requires a simple computation
method performed by a digital signal processing unit. Therefore, the calculation of the RTD resistance
and the lead-wire resistance can be achieved without the requirement of a high-speed digital signal
processing unit. The proposed procedure is implemented on two platforms to confirm its effectiveness:
the LabVIEW computer program and the microcontroller board. Experimental results show that
the RTD resistance was accurately acquired, where the measured temperature varied from 0 °C to
300 °C and the lead-wire resistance varied from 0.2 ) to 20 ), corresponding to the length of the
26 American wire gauge (AWG) lead wire from 1.5 m to 150 m. The average power dissipation to the
RTD was very low and the self-heating of the RTD was minimized. The measurement error of the
RTD resistance observed for pt100 was within +0.98 ) or +0.27 °C when the lead wire of 30 m was
placed in an environment with the ambient temperature varying from 30 °C to 70 °C. It is evident
that the proposed procedure provided a performance that agreed with the theoretical expectation.

Keywords: resistance temperature detector; lead-wire resistance; lead-wire compensation; remote
measurement; three-level pulse signal; voltage-to-current converter

1. Introduction

Temperature is the most monitored and controlled variable in industrial control sys-
tems. A temperature sensor plays the important role in industrial applications of main-
taining a certain temperature for a specific process. There are several common types of
temperature sensors used in industrial process applications, such as a negative coefficient
thermistor (NTC), resistance temperature detector (RTD), thermocouple, and semiconduc-
tor junction-based sensor [1-3]. The NTC, thermocouple, and semiconductor junction-based
sensor require a complex signal conditioning circuit to measure the temperature. The RTD
is a passive sensor and produces a positive variation in its resistance to the variation of
ambient temperature. The RTD is constructed from platinum wire, which provides distinc-
tive behaviors in terms of high accuracy, high linearity, high stability, and a low hysteresis
effect [4-6]. In industrial applications, the RTD has become the most considered sensor
for temperature measurement due to its behaviors. The distance from the RTD sensor to
the signal conditioning circuit requires a long-range lead wire, which is considered as the
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parasitic resistance for each lead wire. The lead-wire resistance of the wire connected from
the RTD to the control station includes the RTD resistance. This is introduced as a large error
of temperature measurement in the industrial process. Moreover, the change in the ambient
temperature causes variation in the lead-wire resistance due to the thermal property of the
metals used for the lead wire, which causes an uncertain error in the measured temperature
quantity. If the lead-wire resistance of about 1 () is added to the RTD resistance, then the
measured temperature error occurs at about 2.4 °C for a pt100 two-wire RTD [7-11]. In
addition, the contact resistance of the terminal between the control station and the RTD is
added to the lead-wire resistance. The contact resistance including the lead-wire resistance
is collectively called the lead-wire resistance in this paper. A drawback of the RTD sensor
is the lead-wire resistance, which can be compensated using the RTD with three or four
lead wires [2-5,12,13]. The range of all the lead wrires is set to equal, which provides equal
lead-wire resistance. Usually, the determination of the process temperature is based on the
use of a bridge circuit [1-3,11,13-15]. A disadvantage of the bridge circuit is that the signal
readout directly from the bridge circuit is nonlinear. The technique for a linear readout
of the signal from the bridge circuit using a microcontroller and relaxation oscillator is
proposed in the literature [10]. The compensation of the lead-wire resistance using a three-
or four-wire RTD is also proposed in the recent literature [12,16]. These techniques require
several amplifiers and a current source, which adds complexity to the signal conditioning
circuit. However, the compensation of lead-wire resistance for three- and four-wire RTDs is
efficient only when there is equal resistance in each lead wire. In addition, the RTD with
three or four lead wires increases the cost and complexity of the control system, especially
for the remote measurement and the multipoint measurements. Therefore, the use of a
two-wire RTD sensor is a simple and economical attraction. There are many techniques to
reduce the error due to the lead-wire resistance, including the contact resistance of the two-
wire resistive sensor, proposed in the literature [7-10,13,17]. An approach to compensate
for the error caused by the lead-wire in a two-wire RTD using a precision shunt voltage
reference and current source is proposed in [18]. This technique provides two kinds of
excitation signals, a voltage signal and a current signal, for the RTD. The voltage signal
from the precision voltage reference of this approach is used to measure the lead-wire
resistance, whereas the current signal from the current source is used to obtain the resis-
tance of the RTD, including the lead-wire resistance. Unfortunately, the high magnitude of
the voltage signal across the RTD during the lead-wire resistance measurement causes a
self-heating effect in the RTD. Therefore, this approach is suitable for when the RTD has
a high resistance, such as the pt1000 RTD has, to reduce the current flowing through the
RTD. Other approaches based on two diodes acting as an electronic switch connected to
the terminal of the RTD to measure the lead-wire resistance are proposed in the recent
literature [7-10,18]. The operation of these approaches is based on the relaxation oscillator
and microcontroller. These approaches require the bidirectional current signal to obtain
the resistance of the RTD. However, the threshold voltage of the diodes must be equal to
avoid the error of the measured variable. For the mismatch of a diode threshold voltage
of about 1 mV, the measured error of about 2.5 °C was observed for the pt100 RTD with a
1 mA excitation current [11]. Furthermore, the diode threshold voltage is dependent on
the variation in the ambient temperature due to the thermal voltage that is characteristic
of diodes. This error becomes a significant parameter, same as the lead-wire resistance.
To avoid the error mentioned above, closely matched diodes are required. Unfortunately,
the closely matched diodes are impossible for discrete devices. The technique using two
diodes is low cost and simple without using specific devices. If the threshold voltage of the
diode can be compensated for, then the advantage of this technique will be gained.

In this paper, the procedure to determine and compensate for the lead-wire resistance
and the resistance of the RTD using two diodes is proposed. The lead-wire resistance, the
RTD resistance, and the diode threshold voltage are accurately determined. The effect of
the mismatch of the diodes in terms of the threshold voltage can be prevented with the
proposed technique. The proposed procedure provides the bidirectional current signal
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with three-step pulse levels in the amplitude of the series to excite the RTD sensor. The
amplitude of each step of the current signal is doubled in the amplitude of the series. The
RTD resistance, the lead-wire resistance, and the diode threshold voltage are determined
via a digital signal processing unit using the simple mathematic operations add and
subtract. Therefore, the operation time of the proposed procedure is fast and accurate.
The proposed procedure is implemented to confirm the accuracy and performance using
commercial devices. The temperature readout from the proposed technique exhibits that a
maximum error of about 0.27 °C is observed, where the ambient temperature varies from
30 °C to 70 °C. It should be noted that the proposed technique can be applied to many
types of resistive sensors in related fields such as civil engineering [19-24], automobile
engineering [25,26], and mechanical engineering [27], and in the use of scientific and
medical equipment [3-6,28], to measure the quantity of gas, humidity, airflow, force,
pressure, and strain. For the example of the application in the field of civil engineering, the
resistive sensors are provided for the measurement of the structural parameters to evaluate
the structural behaviors of the structural health monitoring system [19-24]. In addition, the
proposed technique can be applied to investigate the behaviors of construction materials
such as fly-ash-based concrete and non-autoclaved silicate materials [29,30]. The resistance
readout from the resistive sensor requires an accurate value to make a decision regarding
the safety of civil infrastructure [20,24]. Therefore, the proposed technique is suitable for
this requirement. The organization of this paper is divided into five sections as follows:
Section 2 introduces a conventional technique to compensate for the lead-wire resistance.
The proposed procedure and circuit to determine the resistance of the lead wire and the
RTD using a three-step pulse signal are also presented in this section. In Section 3, the
accuracy of the proposed circuit is analyzed and discussed in detail. Section 4 describes the
experimental results of the proposed procedure using two signal processing units. The first
signal processing unit is the LabVIEW computer-based program interfaced with an analog
input/output board. Another signal processing unit is a microcontroller board. Finally, the
conclusion of this paper is described in Section 5.

2. Principle of the Proposed Procedure

The accuracy of the temperature measurement using the RTD is disturbed by the
parasitic resistance of the lead wire. The resistance readout from the RTD includes the
lead-wire resistance. In addition, the lead-wire resistance is dependent on the change in the
ambient temperature, which can cause an uncertain readout of the resistance from the RTD.
The compensation of the lead-wire resistance using two diodes is a useful technique and
the procedure for determining the lead-wire resistance is described in this section.

2.1. Conventional Procedure

A diagram of the RTD connected with two diodes is shown in Figure la, where R;
is the RTD resistance [7-10,17]. Two diodes are laid close to the terminals of the RTD to
ignore the wiring resistance between the RTD resistance R; and the diodes. The lead-wire
resistance is determined from the RTD to the control station as shown in Figure 1b, where
Ry and Ry are the intrinsic resistances of two lead wires. For recent approaches, the
voltages across the diodes Dy and D, were assumed to be equal. The lead-wire resistance
was compensated for in these approaches using bidirectional excitation current 7py. From
Figure l¢, the excitation current ipy = I is applied; then, the diodes Dy and D; are conducted
and turned off, respectively, as shown in Figure lc. The relationship between the voltage
signal vy and the excitation current 7,y can be given by:

Vep =hRi + L Ry1 + [1Rw2 + VD1 1)
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where Vp; is the voltage across the diode D;. For the excitation current i,y = —I;, the
operations of the diodes D1 and D; are opposite from the previous state, as shown in
Figure 1d. Therefore, the voltage v, can be stated as:

Ven = hiRy1 + I1Rw2 + VD2 2)

where Vp; is the voltage across the diode D;. If the closely matched diodes are chosen for
diodes D and D5, then Vpy = Vp; is obtained. Practically, the intrinsic resistances Ry and
Ry are equal due to the same length of the two lead wires. Therefore, the RTD resistance
R¢ can be simply obtained by the subtraction of Equations (1) and (2) as:
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Figure 1. Lead-wire resistance compensation technique using two diodes: (a) simple diagram;
(b) equivalent diagram; (c) equivalent diagram for i, = I3; (d) equivalent diagram iy = —I.

It should be noted that the RTD resistance of Equation (3) is accurately determined
only for the constant ambient temperature of the lead wire and the diodes in Figure 1b.
In addition, the mismatch of the diodes causes the incomplete cancellation of the voltage
across the diodes Dy and D,. The voltage Vp across the diode is dependent on the ambient
temperature and can be expressed as:

kT, Ip

Vp=9y—1In—= 4
D '7q i (€]
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where 7 and I are the empirical constant and the reverse saturated current of the diode,
respectively, k = 1.38 x 102 J/K is the Boltzmann constant, g = 1.602 x 10~ 19 C is the
electron charge, and T = (273 + °C) is the absolute temperature in Kelvin. It should be
noted that the term kT/q is usually called the thermal voltage V1 [31]. The thermal voltage
Vr is approximated as 25.67 mV at 25 °C of the ambient temperature. In Equation (4), the
mismatched diodes are exhibited in terms of the reverse saturated current Is of each diode.
Practically, the perfectly matched diodes are not enough in the discrete device and also
in the integrated circuit form. In Equation (3), the incomplete cancellation of the diode
voltages Vp1 and Vp; causes the calculation error of the resistance R;. The voltage across
the diode can be accurately determined using the proposed procedure. Therefore, the
requirement of perfectly matched diodes is unnecessary.

2.2. Proposed Procedure

To determine the voltage across diodes Vpq and Vp,, the current signal in the form of a
three-step pulse signal is provided to excite the RTD as shown in Figure 2a. Each step of the
current signal is double the previous current quantity. All resistances in the current signal
path can also be simply determined. The circuit diagram for the operation of the proposed
procedure is shown in Figure 2b. In Figure 2b, the three-step pulse signal is simplified by
three current sources for the explanation of the circuit operation. The microprocessor and
controller unit (MCU) is used for the digital signal processing and controlling the analog
switch S¢ to generate the three-step pulse signal. The operation of the circuit diagram in
Figure 2b can be considered in two stages of the excitation signals: stage I for the positive
current signal and stage II for the negative current signal. For stage I of the procedure,
the magnitude I1 of the excitation current /gy in the second step in Figure 2a is set as the
reference current. The current magnitudes of the first step and third step are assigned to
equal I; /2 and 21, respectively. An operating diagram for stage I is shown in Figure 2c. In
Figure 2¢, the diodes D; and D, are conduct and cutoff, respectively. For the first step of
the excitation current ey = I1/2, the voltage vey; can be stated as:

L I I
%1 = Rat +Raz +R1) 5 + Vor =(Rar+ R +R) 5+ nVeln e 9)

where Is; denotes the reverse saturated current of the diode D;. The voltage vg is
converted to digital form by an analog-to-digital converter (ADC) and transferred to the
MCU. For the second step of the excitation current iy =11, the voltage vep2 can be given by:

I
Vep2 = (Rut + Rup+ Ri) I +4Vr In ﬁ (6)

The voltage vgy» is assigned as double the magnitude of the voltage veyp, which is
calculated by the MCU. Therefore, the voltage vg); can be written as:

I
Vep2a = 2(Ry1 + Rz + Re) [ + 2']VT1n<IS_11> 7)

It should be noted that doubling the voltage across diode Vpi, written as 2Vp;,
corresponds to the term of # VyIn(l; /1 51)%. Therefore, Equation (7) can be rewritten as:

I 2
vegp22 = 2(Rat + Rz + Re)li + Vi m(é) ®)

74



Sensors 2022,22,4176 60f 21

(mA)

3d

051

Figure 2. Proposed procedure for determination of lead-wire resistance and diode voltages:
(a) three-step current signal; (b) operation diagram of proposed procedure; (c) operation diagram for
stage [; (d) operation diagram for stage II.

For the third step, the excitation current ., = 21 is set. Then, the voltage v3 can be

expressed as:
2h

Isy
From Equations (8) and (9), the subtraction result veys1 of the voltages vep22 and vep3

can be given by:
I] 2 211 11
Veps1 = nVr|In E —1In E = r]VTlnm (10)

Veps = 2(Ry1 + Rz + Re)h + 7 Vrln )
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To subtract Equation (5) by Equation (10), the resulting voltage vgs» can be given as:

I I
Veps2 = %R»‘ + %(Rwl + RwZ) 11

Equations (10) and (11) exhibit only the voltage across diode Vp; and all resistances in
the current path, respectively. Practically, the resistances Ry1 = Ry2 = Ry are assigned due
to the same length of the lead wire. Therefore, Equation (11) can be rewritten as:

Ueps2 = ‘Ilei + Ry (12)

The resistance Ry, can be obtained by stage II of the proposed procedure. The operating
circuit for stage II is shown in Figure 2d. The magnitude of the excitation current iey for
stage I is set as a negative current. Therefore, the magnitudes of the excitation currents of
each step are set as -I1 /2, —I1, and —2I;. From Figure 2d, the excitation current ipy = —I1 /2
is applied, which forces the diodes D1 and D> to cutoff and conduct, respectively. Therefore,
the voltage vg;1 across nodes X and Y can be given by:

1
Tl e GR&: 17V71n<ﬁ> 13

where Ig; is the reverse saturated current of the diode D,. As the same with stage I, the
voltage ve;n can be expressed for the excitation current ipy = —I; in the second step as:

I
o2 = 21Re + 1Vl 1) a9
52

The voltage v, in Equation (14) is multiplied by two as:

T
Vo2 = 2002 = 4 Ru + 1V In ( é) (15)
For the excitation current iy = —2I; in the third step, the voltage v¢;3 across nodes X

and Y can be stated as:
2L

Ven3 =411Rw+17V71n(1—) (16)
52

The subtraction result v,,s1 of the Equations (15) and (16) can be given by:

_ T\ 2 20\ h,
””"“‘”VT<‘“<E> “in(T2) ) =) @7

From Equation (17) the voltage Vp, across diode D; is obtained. The diode voltage
Vp2 is subtracted from Equation (13) as:

Vens2 =Uen1 — Vens1 = I1Rw (18)

From Equation (18), the lead-wire resistance R;, = ,,52/1; is obtained. It should
be noted that the RTD resistance R; can be achieved by substituting Equation (18) in
Equation (12) as:
2(7’0;752 = vmsz)

I

The advantage of the proposed procedure is that the RTD resistance R;, the resistances

Rw1 =Ry, and the diode voltages V1 and Vp; can be accurately determined.

Rp= (19)
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2.3. Implementation of the Proposed Procedure

The proposed procedure is realized using a mixed-signal circuit technique, which
contains both analog and digital properties. The three-step pulse signal of Figure 2a can be
realized as shown in Figure 3, which is separated into two parts, a three-step voltage source
and a voltage-to-current converter. The voltage-to-current converter, shown on the right
side of the circuit in Figure 3, consists of an operational amplifier (opamp) A1, transistor
Q1, and resistors Ry, Ry, and Rc. From the routine circuit analysis, the relationship between
the excitation current 7oy and the voltage V. can be expressed as:

—) Vee  (Ri1+Rp)
lex = Rk ef T R T T RRe f (20)
where Vcc is the power-supply voltage of the opamp A;. From Equation (20), if the
conditions of Ry = Ry, Vi = Ve /2, and Ry >> R are fulfilled, then the excitation current
iy can be stated as:

Vrvf

igy = R_C (21)

Voltage-to-current
converter

Three-step voltage source

Figure 3. Three-step current source.

From Equation (21), the current quantity of each step of the excitation current 7., can
be obtained by changing the reference voltage Vs to an appropriate value. The reference
voltage V¢ in Equation (21) is provided from the three-step voltage source on the left side
of the circuit in Figure 3.

The analog switches Sc1, Sca, and Sc3, and the resistances R;q, Ry2, and R3 are one-
by-one controlled by the MCU to achieve the currents for each step. The voltage source Vg
provides the constant voltage to generate the reference voltage V.. The opamp A; acts as
the voltage follower used to prevent the loading effect. For the proposed procedure, the
resistances R, to R;3 are successively connected by means of the MCU-controlled analog
switches Scq, Sca, and Sc3 to provide the magnitude of each step for the excitation current
iex as I1/2, I, and 2Iy. The reference voltage Vs can be simply calculated as:

RiVs
(er 1 R,,)

The voltage V, is applied to the voltage-to-current converter to generate the three-
step current signal.' Therefore, the excitation currents 7.y of each step, I1/2, I;, and 21y,
are obtained.

The block diagram of the proposed circuit technique is shown in Figure 4a. As seen in
Figure 4a, the analog signal circuit consists of the three-step current source, the difference
amplifier Ad,-ﬁ-, and the phase-inversion-switched amplifier Ay, [32].

Vieri = \fari =47 248 (22)
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Three-step | |
current
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Figure 4. Proposed technique to acquire the RTD resistance: (a) block diagram of proposed technique;
(b) circuit diagram of proposed technique; (c) schematic diagram of Ajg.

The digital signal circuit comprises the analog-to-digital converter (ADC) and the
MCU, where both ADC and MCU are integrated into the microcontroller board for practical
implementation. The simplified diagram of the proposed procedure is shown in Figure 4b.
In Figure 4b, the set of an analog switch unit Sp is used to control the flow direction of the
excitation current i.y. The operation of the diagram in Figure 4b can be explained as follows.
For stage I of the proposed procedure, the MCU controls the switch unit Sp and sets to the
position “A”. The excitation current i,y flows through the resistance R;1, the diode Dj, the
resistance R;, and the resistance Ry;. In Figure 4b, the analog voltage v, is amplified to
a proper value by the difference amplifier Agjz. The schematic diagram of the difference
amplifier Ay is shown in Figure 4c. From Figure 4c, the resistances Rg¢; = Rsp = R and
R71 = Ry = Rz = Ry = Ry are assigned. Then, output signal Vit of the difference amplifier
Agjfs can be expressed as [28,33]:

2R,
vdiff = (1 i —R_(:) Ves = Gales (23)

The phase-inversion-switched amplifier Appn, consisting of the opamps A3 and Ay, the
resistors Rj3 to Rs, and analog switch Sy, is provided to invert the negative voltage signal
vgjgr of the second stage of the proposed procedure to the positive voltage signal for the ADC.
The opamp Ay acts as a comparator to investigate the polarity of the voltage signal ves. If
the voltage signal v, is positive for stage I and the switch Sy, is controlled to “open” by the
opamp Ay, then the phase-inversion-switched amplifier A, is formed as the noninverting
amplifier with unity gain. For stage II, the voltage signal v, is negative and the switch
Spn is controlled to “close” by the opamp Ay. Therefore, the phase-inversion-switched
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amplifier Ay, acts as the inverting amplifier with unity gain. The transfer characteristic of
the phase-inversion-switched amplifier A,; can be expressed as:

Galsi  forvesi >0
Vade = (29)
—GaUesi  forve; <0

where i =1, 2, 3 for the signal currents I, /2, I, and 2I4. The voltage signals ves1, ves2, and
ves3 of each step are successively obtained and transferred to the MCU. In the same way,
the analog switch unit Sp is controlled by MCU to position “B”, which causes the excitation
current igy to flow in the opposite direction. The excitation current iey flows through the
resistance Ry, the diode D5, and the resistance Ry 1. Each step of the voltage signals v,s1
to ves3 is sequentially transferred to the MCU. Therefore, the resistances Ry, Ry», and the
voltage across the diode D; in the excitation current path are determined by the proposed
procedure mentioned in Section 2.2.

3. Performance Analysis

The accuracy of the proposed technique to determine the lead-wire resistance, the RTD
resistance, and the voltage across the diode can be disturbed by the nonideal characteristic
of the devices used in the experimental circuit. There are three major factors that cause
an error in the proposed technique. The first factor, the derivation from the expected
magnitude of the excitation current iy for each step in stage I and stage II, causes an
inaccuracy of the calculated resistances and diode voltages in the proposed procedure. For
the voltage-to-current converter circuit in Figure 3, the tolerance of the resistors used in
the experimental circuit causes an error on the excitation current ... From Equation (20),
the relationship between the current 7.y and the reference voltage source Vs including the
tolerance of the resistors can be approximately given by:

Vi
iex = (1= &) 2% +Loffea 25
q
. 1o 26)

(1+%)

V,
LSS A A0S @)
(9% (1 N T) C
where A denotes the tolerance of the resistor. From Equation (25), the tolerance Ag
of the resistors causes the error ¢ on the converted current i, in the first term on the
right. This error can be avoided by replacing the resistor Ry in Figure 3 with the variable
resistor and fine-tuning the resistance to match the resistance R,. In addition, the offset
current [yt in Equation (27) can be canceled by adjusting the voltage V¢ to an appropriate
value. The second factor, the gain error of the phase-inversion-switched amplifier in
Figure 4c causes the error in the voltage signal v,4.. The voltage signal v,4, from the
phase-inversion-switched amplifier for the resistors R3 and Ry having the tolerance Ap, can
be approximated as:

3
(11:_2;‘:_) GaUes  forves >0
o
Uade = # (28)
%Gﬂvﬁ forves <0

In Equation (28), the closely matched selection of the resistors R3 and Ry can minimize
the gain error of the phase-inversion-switched amplifier. The third factor is when the gain
error occurs due to the mismatched resistors in the schematic diagram of the difference
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amplifier A However, the difference amplifier Ay used for the experiment in this paper
is commercially available, and the resistances in the schematic circuit are trimmed by laser
to ensure the closely matched resistors [33]. Therefore, the gain error is very small and too
insignificant to disturb the performance of the experimental implementation in this paper.
It should be noted that the contact resistance of the analog switch unit Sp is unaffected by
the signal ves transferred to the difference amplifier Ad,ﬁ‘

4. Experimental Results

To confirm the effectiveness of the proposed procedure, the interfacing circuits in
Figures 3 and 4b were breadboarded. The active devices used in this experiment were the
AD620 for difference amplifier Ay, LF353 for opamps Aj, Az, A3, and A4, REF3025 for
the constant voltage source Vg, 2N3906 for PNP transistor Q1, 1N4148 for diodes Dy and
D5, CD4066 for analog switches Sc; to Scz and Sp;, and CD4053 for analog switch unit
Sp. The constant voltage source Vs provided the constant voltage of 2.5 V. The resistors
Ry =Ry = R3 = Ry = R5 = 50 k() were assigned. The amplification factors G, for pt100 and
pt1000 were set as 4 and 2, respectively. From the simplified schematic of AD620, the
resistances Rg1 and Re = 24.7 k() were provided [21]; therefore, the resistance R for the
amplification factors G; of 4 and 2 were calculated from Equation (23) as 8.23 k() and
49 4 kQ), respectively. The variable resistor was used for the resistor R¢ to acquire the
calculated resistance. The RTDs were pt100 and pt1000 with nominal resistances of 100 ()
and 1000 Q), respectively, at 0 °C. The power supplies of the opamps and the MCU were
Vee=—Vee =+ 15 Vand Vpp =5V, respectively. The voltage Vs was setas 7.5 V. The
prototype board of the practical circuit is shown in Figure 5.

'
‘& ;‘-_-,au T T A

Figure 5. Prototype board of proposed circuit.

It should be noted that the diodes D7 and D, were placed at the same ambient tem-
perature as the lead wire. The reverse saturated currents Is; and Is, were calculated from
Equation (4) as 1.59 nA and 1.45 nA, respectively, where the voltage across diodes Vp
and Vpy were measured for the forward bias current Ip of 1 mA. The empirical constant
1 =1.765 was achieved. The excitation current I; was set as 1 mA. Therefore, each step of the
three-step current I /2, I;, and 2I; was 0.5 mA, 1 mA, and 2 mA, respectively. The reference
voltage Vs of each step was given as 0.5V, 1V, and 2 V. From Equation (22), the resistors
Re, Rif, Rr1, Rrp, and Ry3 were calculated as 1 k(), 2k(), 8 k), 3 k(), and 500 (3, respectively.
It should be noted that the variable resistors were provided for the resistors Ry to R,3 and
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adjusted the resistance to meet the calculated values. The time period of each step for the
excitation current of stage I and stage II was assigned as 10 ms. To avoid self-heating, the
duty cycle of the excitation signal for RTD was assigned as 15%. Only the excitation current
of stage I flowed through the RTD. The power dissipations in the pt100 and pt1000 RTDs
were about 3.06 uW and 30.62 uW, respectively, which is very small. Therefore, the change
of the RTD resistance due to self-heating can be neglected. There are two signal processing
units provided for the verification of the proposed technique performance in this experi-
ment. The first signal processing unit, the MCU in Figure 4b, was replaced by the LabVIEW
computer-based measurement and control program (NI LabVIEW 2014) and interfaced
with the analog input/output (AIO) board from National Instruments (NI-USB-6361). It
should be noted that other programming languages, such as Python, C, and C++, can also
be used instead of the LabVIEW program. However, the specific programming for inter-
facing between the computer and AIO board, screen display, and signal processing need
to be developed, which is inconvenient to implement in this experiment. The LabVIEW
exhibits the ability to control, interface, and display, which has fulfilled the objectives of
many researchers [34-36]. The second signal processing unit, the microcontroller provided
by the ARM cortex STM32 Nucleo-64 board and including the LCD display, was used
for the MCU [37]. The RTD resistances R; for pt100 and pt1000 were simulated via the
resistance decade box for the variation in temperature from 0 °C to 300 °C, corresponding
to the resistance 100 ) to 213.93 () and 1000 Q) to 2139.3 ), respectively. The length of the
lead wire, made of 26AWG copper wire, was simulated by the resistance decade box to
achieve the equivalent length [11]. In this paper, the lead-wire resistance varied from 0.2 Q)
to 20 Q) for the equivalent length of 1.5 m to 150 m, respectively.

For the first signal processing unit, Equations (5) to (10) and Equations (11) to (16) for
stage I and stage II, respectively, of the proposed procedure including the three-step pulse
signal were established by the LabVIEW program. The AIO board was provided to interface
with the LabVIEW program to acquire the voltage signal v, from the prototype board and,
simultaneously, control the prototype board to generate the three-step current signal iey to
excite the RTD. Figure 6a,b show the connection diagram and the experimental setup of
the proposed technique based on the LabVIEW program, respectively. From Figure 3, the
excitation signal 7ey was generated by removing the dashed line 4 and a’; then, the three-step
pulse signal established from the LabVIEW program interfaced with the AIO board was
applied as a voltage signal v,;. The bidirectional current signal was controlled by the switch
Sp and commanded from the LabVIEW program. The waveform of the three-step current
signal ipy generated from the prototype board is shown in Figure 6¢c. The determinations
of the RTD resistance Ry and the diode voltages Vp1 and Vp, are exhibited in Table 1,
where the pt100 RTD is provided for this implementation. The error ¢; of the measured
temperature from the RTD is shown in Figure 7a. The maximum error of the measured
temperature of about 0.18 °C was observed. As seen in Figure 7a, the root mean square
error (RMSE) for the dataset of the measured error £; was in the range of 0.08 °C to 0.15 °C,
respectively. Subsequently, Table 2 and Figure 7b show the measured values and the error
& of the measured temperature, respectively, for pt1000 with the same condition as the
previous experiment. As seen in Figure 7b, the maximum error was about 0.15 °C and the
RMSE varied in the range of 0.04 °C to 0.11 °C. It should be noted that the error ¢; is slightly
higher than error ¢, due to the sensitivity of the pt1000 being higher than that of th pt100.
In addition, both errors ¢; and €, were caused by the residue error of the determination for
the reverse saturated currents Ig; and Is; of the diodes Dy and D, respectively.
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Figure 6. Experimental setup for MCU using LabVIEW: (a) block diagram; (b) experiment prototype;
(c) waveform of three-step pulse signal v,,;.
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Table 1. Measured results for RTD (pt100) with different lead-wire resistances using AIO.
B pree micpls o il
at30°C Vb1 Vb2
000 I L R I
020 99 1042 1war  Dyoa 1591 Al one 6068 w87
1o 000 U947 imss Tw7e imol o isaes  ang  SW7 5928
50 000 Tk 13 iy7s 199 iodm. aum S0 e
000 ot e s | 175 sk otz S0 97
Y Y
D00 o os6 e 1y7e | mbe | e amzs  O0W7 3

For the second signal processing unit, Equations (5) to (11) were placed on the mi-
crocontroller board. The dashed linea and @~ was connected by the jumper. The analog
switches Scp to Scz and Sy were governed by the microcontroller board to generate the
reference voltage signal V.. The voltage signal Vs was converted to the excitation current
iey by the voltage-to-current converter, same as the three-step current signal shown in
Figure 6¢. It should be noted that the ADC was included with the microcontroller board.
Therefore, the AIO board was not required for the second experiment. The block diagram
for the microcontroller included the display, and the RTD is shown in Figure 8a. The
experiment prototype for the second experiment is shown in Figure 8b. The RTD and the
length of the lead wire are represented by the resistance decade box. The evaluation of the
second experiment is under the same condition as the first experiment. Tables 3 and 4 show
the measured resistances R; and the diode voltages Vp; and Vp, for pt100 and pt1000,
respectively. The errors €3 and ¢4 of the measured temperature for pt100 and pt1000 are
shown in Figure %,b, respectively.
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0.15 A
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-sr 0.05 ¥ Rw =200
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(a)
Figure 7. Cont.
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Figure 7. Errors of temperature measurement using LabVIEW and AIO board: (a) temperature error
for pt100; (b) temperature error for pt1000.

Table 2. Measured results for RTD (pt1000) with different lead-wire resistances using AIO.

. Diode Voltage (mV)
R:;ei:?a-n“clrl:ﬂ) -;"a‘&eg"gg (‘QC)’ at30°Cand b = 1mA
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P09 186((;%0 1?82380 1?3'59.(7)0 1155717'90% 127(')5%.1()10 1295401'%(:) 2219197'%)0 ooger | B89
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The maximum errors of about 0.25 “C and 0.21 °C for the pt100 and pt1000, respectively,
were achieved. The maximum errors of €3 and ¢4 were higher than the maximum errors of

&1 and &, respectively. This is because the resolution of the ADC provided in the Nucleo-

64 microcontroller board was less than the AIO board. The RMSE for the dataset of the
measured errors €3 and £ was in the range of 0.10 °C to 0.21 °C and 0.11 °C t0 0.15 °C,
respectively. It should be noted that the second experiment is attractive in terms of low
cost, small size, and simple configuration.
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Figure 8. Experimental setup for microcontroller as MCU: (a) block diagram; (b) experiment prototype.
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Table 3. Measured results for RTD (pt100) with different lead-wire resistances using microcontroller board.

o e
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at30°C Vb1 Vb2
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Table 4. Measured results for RTD (pt1000) with different lead-wire resistances using microcontroller board.

. Diode Voltage (mV)
R:;:&:Z:fm Tpe:"l‘goeo"{‘n“g ((;f)’ 2t30 °C and Ip = 1 mA
at30°C Vb1 Vb2
000 0000-L 1105000 Tadb 00 /095700 \ 15300 e-ishioi- Listaon [ 0088 | Boaro
020 oz o ake a6/ PSR el e skt —omars) 8 || B8
.00 10%3?53 1‘113'39;1 iggﬁg 11557()6.9;?5 12705%.1286 12953101'.02% 221919§.15% 6011 i
500 al Mo )| e L i e 46 (b ) &8 [ o
wh @iy Sl sy Cumel lamse S nime (@04 [0
1508 10%(1).557 1?841.26 11308%?:5 1155717'.1687 127%%5121 1295401'.{25 2219197'.1685 0055 59931
2200 10%557 1?(9)41.27 }gg.;g 1155717..2718 127%%.2566 12954%.123 2219197'415% gy 0

In addition, the lead wires of the pt100 RTD were extended to 30 m for remote
temperature measurement using the Nucleo-64 microcontroller board. The extended lead
wire used in this experiment was a 26AWG two-conductor copper wire. The resistance of
the extended lead wire and the temperature coefficient were 0.134 () /m and 0.0039 Q0/Q°C,
respectively [38]. Therefore, the lead-wire resistance of about 2.04 Q) was calculated [11].
The ambient temperature of the lead wire and the diodes varied from 30 °C to 70 °C.
Table 5 shows the measured temperature, resistance Ry, and the diode voltages Vpj and
Vp2. The measurement error &5 of the measured temperature for the variation of the RTD
temperature varied from 0 °C to 300 °C, as shown in Figure 10. A maximum error of about
0.27 °C was observed. The RMSE for the dataset of the measured error &5 was in the range
0f0.10°Cto 0.22°C.
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Figure 9. Errors of temperature measurement for MCU using microcontroller: (a) temperature error
for pt100; (b) temperature error for pt1000.

The first and second experiments show that the proposed procedure can accurately
readout the RTD resistance R and the diode voltages Vpy and Vp,. The proposed tech-
nique exhibits the effectiveness of the remote measurement systems using the resistive
transducer. Furthermore, this technique can be provided to determine and compensate the
wire resistance for the long-distance communication between the control station and the
sensor or actuator to acquire a certain signal.
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Table 5. Measured results for RTD (pt100) for 30-m lead wire with different ambient temperatures
using microcontroller board.

. Diode Vot
Ambient Temperature (°C) loate ID0= ;g‘::j\mw
Temperature (°C) pt1000 RTD (2)
Vm Vp2
00 5000 9997 15100 20011 25000  299.00 ] ]
- 10000 11940 13850 15770 17590 19410 21170
5008 10010 15111 20018 25015 29922
B0:00 10020 11943 13855 15774 17593 19415 21178 00068 59819
5008 10015 15111 20017 25014 29922
4000 10008 11943 13857 15774 17592 19415  ongs o2 2H
5016 10018 15116 20018 25017 29924
5000 10006 11946 13858 15776~ 17593 19416 ~ 21179 71 543.55
50.18 100.24 151.21 200.24 250.20 299.15
60.09 10006 1947 13860 15778 17595 19417 2175 . 02226 52188
& 4 5025 | 10024 15124 | 20026 25027 2926 | g oo

100.09 119.50 138.60 157.79 175.96 194.20 211.79

0.3 1 ! 1 ! ! ! ! B Temp =30 °C
RMSE =015 | RMSE =0.16 | RMSE =012 IRMSE =017 | RMSE=0 E=0.19 [RMSE=022 |
i ; ! i | : ¥ Temp =40 °C
02 & Temp =50 °C
%) M Temp =60 °C
Y (02
f # Temp =70 °C
g 0.15
£
g o
=
0.05
0 Temperature, °C

0 50 9997 151 200.11 250 299

Figure 10. Measurement error &5 of pt100 for 30 m lead wire with the ambient temperatures varied
from 0 °Cto 70 °C.

5. Conclusions

A procedure for the precise determination of the RTD resistance and the lead-wire
resistance was introduced. The technique is based on the use of a three-step current signal
to excite the RTD, where the magnitude of each step of the three-step current signal is
double that of the previous step. The power dissipation in the RTD used in this experiment
was about 3.06 uW for the pt100 RTD, which is very small. Therefore, the self-heating
error in the temperature of the RTD can be prevented. The performance of the proposed
technique was confirmed by the experimental implementation. The experimental results
show that the RTD resistance and the lead-wire resistance can be accurately determined
without the requirement of well-matched devices used in the traditional approaches. The
maximum error of the temperature measurement from the pt100 RTD of about 0.27 °C was
observed when the lead wire was placed in various temperatures of the environment, from
30 °C to 70 °C. The proposed technique using a microcontroller exhibits the advantages in
terms of high accuracy, simple configuration, low cost, and compactness. The proposed
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circuit technique is suitable for two-wire resistive transducers such as the RTD, strain gauge,
and resistive displacement transducer, and can be operated in a harsh environment.
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