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Title Calibration Data Automatic Recorder
Students Narawit Peattayarak Student ID 56051111
Degree Bachelor of Science (Applied Physics)
Department Physics
Faculty Science
University King Mongkut’s Institute of Technology Ladkrabang (KMITL)
Academic Year 2016
Advisor Dr.Witoon Yindeesuk
Abstract

This Co-operative Education is intended to make students learn the real work
of future work to give students more experience. The topic of doing a special project
with the company is to create tools that can help with the work of the company. So
we created a tool to record the temperature automatically to reduce the error of
recording, which greatly affects the instrument calibration. We recognize the
importance of this part. Therefore, the calibration process has been improved to
reduce time and increase accuracy, allowing calibrators to schedule their calibration
intervals. The recording of data is automatically saved to a memory card, which is

convenient and can be easily recalculated and reduce errors caused by log recording

Keywords: Calibration data automatic recorder
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weslufulaegunsalingaumgilnglindnmsiAsuudasgumgiinienmioudy
wsumdeulnii (Electro Magnetic Force) wasludud@arviunanlansdihiidssiafu 2
f (wndnfunislasiaiavasernew) thundoudeUasiasnddefuiivarefunis
Soningaingamail druvanednduniades Unly Foningedneds mnniagumgiiuas
i Badgumgiidsiufaihlifinsthnazualursasme Sl darsansdts Usngnisal
Fanamiléunulag Thomas Seebeck dnineamansyriwesiiuluil a.a.1821 Tuguit 2.1
\unmitlfesursnavesdiua (Seebeck Effect) [4]
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wosluadilaluuuinsgiu (standard thermocouple) nunefis masludUila
(Thermocouple) ﬁ'q’g’wﬁmﬁqﬂiwaﬁmumé'sumammdmamaﬁmﬁ’ﬂﬂaLﬂummgwumﬁauﬁu
aunsaldmsafisuinasg il

dmSuwmesluduillauuy non-standard nunede wesluAUlafindntuudiold
n1znuiinaanRanzuanA1lUINLUUNIASEIN A1519N1580 UL BUAILT AU TN
ldnmazdavnliifumefluduidaiiiu Senfudnwmssaeuiisuetei
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as o =t x a:vl ar L e}} v = ow <
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M13199 2.1 YilpvasiEanldvinmesiualUauinsgiunuung 9

UINTFIY YUAVDIFNAN
Type K Nickel Chromium/Nickel Aluminium
Type J Iron/Constantan
Type T Copper/Constantan
Type E Nickel Chromium/Constantan
Type N Nicrosil/Nisil
Type R Platinum 13% /Rhodium
Type S Platinum 10% /Rhodium
Type B Platinum 30% /Rhodium

Constantan: Copper 60% + Nickel 40%

(Mn:msipuasiasesilodn nsussgndldlugaaivnssueaims)



M50 2.2 fpgegunsltnu waraudnvuzvesvesiuallaungu

viawes- | drugamgll | drugamgll CO) | Aenudanwatn | Aanaligen
Twadla | Toew O Q) (Ineuszunn)
(pV/°0
R -50 14 1768.1 | -50 94 250.0 -0.02 §4 0.02 6
250 949 1200.0 | -0.005 D4 0.005
1064 §i1 1664.5 | -0.0005 £i3 0.001
1664.5 i1 1768.1 | -0.001 fi1 0.002
J -210 ©14 1200 | -210.0 4 0.0 -0.05 fi1 0.03 50
0.0 f11 760.0 -0.04 11 0.04
760.0 f11 1200.0 -0.04 £ 0.03
K 270 f19 1372 | -270.0 §3 0.0 -0.02 611 0.04 50
0.0 94 500.0 -0.05 64 0.04
500.0 83 1372.0 | -0.05 04.0.06
pi -270 09400 -200.0 213 0.0 -0.02 93 0.04 60
0.0 fi1 400.0 -0.03 99 0.03

(ﬁu’t NIST-ITS 90 www.srdata.nist.gov/its90/main/)

wesludUTanuy S wag R dnuaudifindieiu udiuy R Thawselniimiadiy
i RWATIgINIY wngdmiunnslvuiiguvniiae 1wy nvasuwan gramnssuuii oy
annsanugamgiilads 1400 °C MHuldRluansilifaugasownaed Limnefuanuni
anmeuuuinansey livangiunuluanngagninim wadlimmngivauiilevedansuas
alaviy

wesTudulauuy B iusedulwiiadindinuy S uag R uafirmuufausamuniundy
wzdmiunisldnuigungiguduiisasuuuy S wag R bitwnzivauluaniie
Feyey e warldmneivnuiidlevedane uazelany

wasludauvy ) Waniswasuwasussfulvitdegumgiid dexldiuaunly
alaiuns vangdmduldauigumadliviu 760 °C limungfunuiitigumgdaiing 0 °C
feulglugnamnssuwanadin

wesludvlanuu K Wumesludulaviafdouldunsuareuiniign amisain
gaumgillsgeninuuy J wasisagnnin vugamndléf 1300 °C uazfigamaiiaf -250 °C

9 U
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faradududugeiianidlodouisuiumesTuddavindu Thusedulwiimnsdnu
wnags Wdasnisiasuussiulniidegungdniwuudundesidinudulng 1)
awsaldfuanuifinisudisdninudou (Thermal radiation) Télsimung fualuaniie
qeyey NI (onsSumsldelugaanatd)



wasludUiauuy T wangdmiunsingumailugtusity myinaamaiilueady
(cold storage) uazguiuds (freezer) fiafsnnlunsiniia annsanuseussenaiiingg
finnseuuaziinnuAuldd limnziunuiidesdudasunsudfadanuieulnenss

wesluAuUauuu E fpuanifadsmesludlilanuy K ualiussiuldmieiiu
1@1ANnaINI1 dgrugnmniildnuegsening -250 °C fi1 870 °C [4]

2.2 AD595 (Monolithic Thermocouple Amplifiers with Cold Junction

Compensation)

-IN -ALM +ALM V+ COMP Vo FB
14 13 12 11 l 10 9 8

OVERLOAD
DETECT

VY

AD594/
AD595
ICE
POINT
COMP.
+TC
I l -TC
| 1 Jrhie e 4 L& e
+N +C +T COM -T -C V-

sUM 2.3 udenlnazunsuuaslad AD595 [9]

Taulod AD595 Lﬁuia%ﬁaﬂuﬂiawﬂwaé’mmﬁmmﬂafmmaﬂuﬁﬂLﬂﬁasﬁwﬂwmﬁuuu
tﬁmmﬂmaiuﬁ‘qmmL‘Us}@mmmlﬁu (ice point comp) Taguenudgy g alarliuiisuaiag
1§ Fyanaiivreenidu 10 mv C uagdnuagnisveedyaandudadu aemeslududa
wiaraiunil 1 uay 14 InsAndyguisuniesgnuns Tasiniswiouisufugumgs
$1984 wariin15¥ALYEINEIUVBS Ice Point Compensation Tasusadulniafifisuiu
gamgiidrsduazinisyaazgninluvenssouazinisdadinduun (feed back) 1ite
asapuindwenevesdyaaiidenn [5]
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' a 4 = & o w = v o = a
11nn31 ADC idaau dsiaiune wazlaeniluazdrnnaruasdvalifiaiuayiden 8 On
Flash ADCs @35191191n29335 Comparator 11601383Au 1ng Comparator Laagiazila
wiriu 1 On GalunadndinannsiuSeuiisua1vesieas Comparator fegnenisldanu
TaunnisEeansununniioy, seaddladlay, syuuyseananawsans [7]

www thaembeddoed . com

5UM 2.4 Tassa$anielunes Flash ADC [7)

A = . ﬂll o s )
sUN 2.4 uansdia Block diagram laanaqly dmsu ADC Aa1uaziBea N Un
927833 Comparator $1U2U (2 9nfina9 N) - 1 @2 wagdad uniu Devider fildiu
Reference Voltage 1429359 2 anfi1da N ¢



1142935 Comparator Mgty fddyyrseuIaendunndIuIuINT Reference

L]

¥ as a

Voltage 2=l Logic 1 panun lunansadutuadygrneuraandunatasnin Reference
Voltage 2¥l# Logic 0 aanin

aidyaaueuaonBunnszndna Vxd way Vx5 udd X1 e X4 wadwnslel Logic
1 wag Comparator ﬁmﬁalg’j Logic 0 nadwdfioanunvzidnuaizidu Bar eraph vieSend
Thermometer Code mszlianuaziluuvislidvinnou 310 Thermometer Code agHnufa
Decoder tielilddygauduaug 2

wilsinIsUAsuntaan Logic 1 Wy Logic 0 uandliffiuindnyauiiadennda
Reference Voltage Viﬁmﬁu [7]

2.3.2 SAR ADCs

Successive-approximation-register (SAR) analog-to-digital converters (ADCs)
Ju ADC Aflvnslumainunniiga AuaziBenazegluseaunanisfenuagifongs SAR
ADCs 1¥8m31n15 sampling f4 5 Msps iauasiden 8-18 bits 1nsea$1auuy SAR 2zl
Usgansnmas Aulviley uavilauiaidn

W&NN15UD4 SAR AzmilounIdanuy balance ﬁa%ﬁf’mﬁ’nﬁlﬁm’mﬁwaﬂﬁw

]
=l 1

<t g s 1w v = =l H O 1 < o &
YU LLagu']ViUﬂWW?qUﬂﬁIa%aﬂﬁqu‘WUQ L‘i']ﬁ)mﬂaﬂumwuﬂVWIi']Uﬂ’llﬂLiE)EJ‘]ﬁJumzmm‘?N

'
a4

balance (il dday 1 dunnLd1N Ty 1u9gn sample L13uaEgA hold 13i#e

al = @ uu unl i | o e ¢
Wisuiufiuussnuimsual wazdzdwadniluneana [7)

| Digital data out
(serial or parallel)
_..

gﬂﬁl 2.5 Tasaas1aneluwed SAR ADC [7]



2.3.3 Delta-Sigma
i @ == = s
Delta-sigma tun1sudasdyrufifienuazidongs iunsudasiiioindugan
= o b 1 EJ 5 1 as =2 ot o
AR (Ideal) wazvirulavanagiuanud Aswsdygia DC lUaudanan MHz Asvinanures
Delta-Sigma ADC &tygy148unnazgn Oversample Tngia Modulator n8431ntuazin
as d 1o & = # = o v =
doyorusnnsesdnfiiieliladnfignasauniulag Digital Filter Favirlviléde ADC fiflaru
avlynga MisnuguUi
W51271 Delta-sigma vi1n1s Oversample dyaadunniwvinluladyaiansey

L)
1o

Fu(Anti-aliasing) uazlureasdau Digital Filter aedifunuilsndt Analog Filter Inaunduda
ANALIBYAZ73INATHUAIMUY Delta-sigma 3¢ldluauntuides (audio), :ruaruauly
pRAMNTIULAzUATasla

lngun#ua? Delta-sigma A¢3UAYNINAIILLANAITENIN 2 Bunn wnuiiae
Jumstaliadiieunsd nrsTadtygraauuansis (Differential) aedunaaunsavily
fofuwosuuuuins Wumeududald Delta-sigma iunisulasdyaasiiuandieiu SAR
N13uUaad Y 1IUUUY SAR 98milaufuN1ITINT Y10l 2 AaUTY dau Delta-sigma 9%
willoufuAadsuosdyyadlnitlu 1 tanm

Inpdiuann Delta-sigma 9zdUnineIuayfi9818 Programable gain amplifiers
(PGA) aglush Tnivlofasiiduiiupudauiielivonssivodygy alilaelidyiliieasd
ABufiunudiiafialuannita fuu Delta-siema FeanunseldTadayanaiifvunmdnlsd wu
Fanamnmeslududla insizdt PeA aglumaunsnusue gain laasasivanzas [7]

U7 2.6 Tasaarsmeluaes Delta-Sigma ADC [7]
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2.4 nsaea1snululaseaulnsatass

2.4.1 Serial Peripheral Interface Bus (SPI Bus)

Wuguuuunilwesnsdearsteyasewingunsaiuuudineadinuidiulien uas
l¥fugunsallfunninassgunsaiduluuasiusefudulia (Bus) va SPI dwazsudoyad
avdn (Bit Serial) waglddyma Clock Wuifmuadenenisvieu Fafudadonin
Synchronous, Bit-Serial Data Communication) fimsimvuaunuimlunisvineiuvesgunsad
Tusguuda windu SPI Master uae SPI Slave Tawl SPI Master WufhaSunmsdoaisdeya
wazai1edyeyn Clock inldFedyaiarin SCK) i muadangmsduaziuteya wagiu
SPI Slave 9z uilunpsmevauss uatlussuuda Pl oedigunsalfiidu Pl Slaveld
11NN MY (Single-Master, Multi-Slave) SPI Iddqyaas 4 v (WaulunuuiiGends a-
Wire SPI) laun

1) Serial Clock (SCK) udayanas CLK fignaiislaggunsaidifiu SPI Master

LT
o ]

2) Master-Out Slave-In (MOS) (U udyayrudmsudedoyadnoeanain Sl
Master 1Uga SPI Slave

3) Master-In Slave-Out (MISO) \Judgyaad mivdsdagadnasnain SPI Slave
TUgs SPI Master

4) Slave Select, Active-Low (5S) Lﬂuﬁmmﬂmﬁﬂ%’flﬂmﬂ SPI Master Lﬁﬂi%izq
11 fesnnsdeanstiu SPI Slave w3slal lunsaliifigunsal SPI Stave snndwikign azdosd
Funyrnu Slave Select wnndmitadu waznendmiuurazgunsal

Lﬁaﬂzﬁﬁ—ﬁjﬂ.}‘i’fﬁ]y}ﬁﬂhuﬁa SPI Data Transfer (SPI) &gyeyaau Slave Select (SS)
szdeaudsuan HIGH {u Low awnﬁu%’m&awﬁﬂuﬁ%gm?ﬂauﬁmasaiqaaniﬂﬁazﬁmmﬂ
SPI Master audamizaas SCK waziaanlaninagliin Most-Sienificant Bit (MSB) %58 Least-
Significant Bit (LSB) gndseanlunieu uarluvmziiaiufiaziudeyadiasdnain SPl Slave
auldasunilslud (Senanalédn Data Frame ity 8 Da) faduidle SPI Master delaya
Srunumilsludluda Spl Slave Aezlddayawilsludain SpI Slave wurtu Tutsnaniidyyia
SS 1Ju Low Em]ﬁm‘aﬁd—‘%’uﬁmgalﬁmﬂﬂ’imﬁﬂuﬁ (Multi-byte SPI transfer)

N19%1971u%09 SPI31 4 Tua d1uunaumisalmesansdafienin Clock

&)

Polarity (CPOL) waz Clock Phase (CPHA) §saziflusamvundnuazmsvineuegiatuy oz

U

de-SulnfiveunnTunieaswesdymin CLK wazdyan CLK 9zegfiandn HIGH #3e LOW

L)

dolyiagluraswesnisdedoyaladlutia SPI (@iFendn idle) uslnevialuagld SPI Mode 0
(1]
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2.4.2 Inter-IC Communication (I°C)

nsAnfedsasseninled laeva 1°C lasuniswauilag WAV (Philips) Aay
najaanevianae Asanisiledvielugaaunsafinse danu war muauarelaaedyaia
Wee 2 @Y @ unilens aedyguuiinflgininundiniznisineu n1snesiuiues
gunsaluuda PCvinladeun iesreanedeyauazansdymrnuninivesgunsaludaz i
yuuvteneiuly diunsimuauenmsaniedunisdmivindeguniaiusassn avldaa
L% o = A & 1 s L7 dj =l
Jayauaznisimunaniizlainivueninsavasgunsaludaziaetoyauuta 1°C Jvei3en

1 [ 1 % =l i y 1 o a dd{'

981 UuN19N1591 @1edeyasunsy wie Serial Data line (SDA) dauangdyaaiu1iniiive
Send anedygnuiRniounsy n3a Serial Clock line (SCL) Tun1seSuneseluiiazien
aednyey1ayiNansin SDA wag SCL [8]

Aaaudlagvialurasda 1°C ae SDA waz SCL Wuanedyqyin 2 fianis (bi-
directional line) Aasiin1sAamsnunuyadniuusnu +5V Maaonian ivelianaliaous

a - = a [ VI v oo = =

asdnasluvaznluiinisfinneldsu niderigdesiudyyinsuniunetativnunly
Aady g IniEe I ANeveIgUnsalnnoaguulE 12C dosldnwusiduiasesula
(Open-drain) w38 AeaLANMDILUA(Open-collecton) dnTinnsmeviendayauuda 1°C g
100 Aladasalunilulvuadsnd waz g98s 400 Aladesdeiunsilulnunninmsags gunsali
RosuvulE I°C avaslinnuglWihsuiiiiatusewinsy SDA wag SCL lalifiu 400pf n1s
Winflegunsalvuda PClddayadmiunisidifisansenfie 7 Un(7-bit addressing) #5e 10 U
(10-bit addressing)

nann139e9Ud PC U3 1°C Usenaumaaiadnqin 2 1dudAs SDA wag SCL
gunsaifidawIuutaansailamnune Anuiwesdinisimuagluuuvesnisinsounla
d' v g ' & ALy Las ' Y] ] 1 1
welvidldaunsiuir vailaunsallafinsienueg Lazaunsailalusiniunieds Aeluliague
asungdnway nii uay deruvesgunsaiuuda 2C wWwailuwlannasneuaiuienisvineu
voeUa I°C sialy gunsaiidugdadrdoyaniadifoya Sandn fads (transmitter) gunseid
Jugiudeua Gonda fasu (receiver)

s @ 9 = VY o w i 5 o v a2 v ow i

gunsaluuda I°C anansadulavieaisuiards ungunsalinvtinidlusisuegng
a a v g de v a2 w1 i a £l o v al @
Wwed azlifigunsallavula 12C Miwithadusdtegnaufes aunsalnvimtiiauaudme

= 1 L7 9. =l ' & ¢ = e 1 o

nsAnseuula I°C 15801 wnames(master) gunsalignaruAuvsogUnsaiidondrlduu
Ua I°C 13un71 aan(slave)

Panmun 2 Usznisdrfgresnisinaouuls 1°C Ao

1) nMsshenenveyavziinulsilisvainuvinuy

] i o P =3 & = a o/
2) lusgninanisanevendeya Walafinuiialy SCL Januvasings aredoya

2 1
v o =

2 Qs 2 2 1 Vo - @ a a e’!) /et
ressnwdeyald edlviAinanudsuwdaninuin daviudyyranieluazldsunisula
anunadudyanaauauin

k% -; ¢=II ] L7 L 2

ToyaiugundAtyvesda I°C

ANNENNAYUVUUE 17C daenU 5 @017y AU

1) Ua119(Bus not busy) @angliiinduiile d@anugasdnuuais SDA way SCL &

[ '

a03ngewieg tuningaud m‘sdwmamf*ﬁaa&ammimfimﬁu%ulﬁ
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2) Sudun1satgnendaya(start data transfer) infuillodny SDA fin1s
wWaguuuasaadnangaluan Tuvaueiiane SCL Januzasings Fenannziin anieiiudiu
(START)

3) Yeyanisaeguulaldata valid) an1iiliintudaainanTivisusiy lnganius
aedniiinduuuany SDA ffedeyafiviinisaneven Waae SCL avings anugfialy SDA
w o A 8w fu v w 31:.’"":3""21 a -
AosAafl e lngunsalfuteyaludawiziugt Wu'0" vie "1" dayaeraifinanudsuundas

P I a 8 Lo I3 - v 2 = 1 9/ 1 &
Taluvaueniany SCL Wuasdnan uslalanauiidesnsiviianisanenenteyasdvauysal
a0 urasiniivun SDA AvsAdfinasnylsiainany SCL an1uzasdngs nininnis

-ai = ai = = 1 5 & n’al'
wWaguwUasaniuzaodnluvmeiay SCL fiaedngeagilu aunsalanamainaluaunis
| - W v o o P
frenendayaszulannununaiduaniiznya wsa annzBuduila inlidayadiviinis
AENDAARANURANAIALNATUY

4) Suitayalacknowledge) inTundINNITAIENDATRYAIINAIE G
\WnTuatsanysal lngdadaaeyinisdadoyaun 1 Uasend Insus (acknowledge bit) 3
amumﬂuaa%ﬂqq vaINITdevayalATUIIL durunsalunawedagyinsddyiniul
fieudaduiusiudyyinuiin gunsal awaWiignasdslunisiasie e Mdwareaglu

3 o = Y s y-dld = é él v 1 2 as ;73 o $-7
yuriuhagiuiindnfuinianruzasinduiensvauadlinaiui lnsuteyaseuiouu [6]
5) vganisateveadeya (stop data transfer) tigduiiloana SDA iin1s

] 2 o
=

wWasuwlagseauasdnananligs Tuvginate SCL daniugasingasenanziiiafuilii
anengn (STOP)
o w9 oA oy v o € a1 v o= ¢

nsinuuuds FC Busumenisidinigunsalideney lnensidndegunsaiun
Ua I°C duazlinisiintiawuu 7 vise 10 Tn lunsindigunsaisesguudalunnn lon1sidnis
wuu 7 dnffiewe wiluungunsaidedldnisdfiawuy 10 Un vawinifnsegunsoiwsios
fiseufosudr Aasusiunisaieventoyariusely

n1sifiskuy 7 On (7-bit addressing) Yeyaludusniliindundiainaniie
a v oA 9] o v ¢ v P - & a v 2 v
SuRufe Teyanlddisgunsafdeanisiiane Tu 7 davusiuvisle LSB aeaviludeya

4 o v a ' L& a [ = s

wenlnsavetgunel alanvseensinde laguunlulnimuauwaniasansdl (fix address bit)
U 4 Un FevayailgUnanludaziazgnimuauiindnis Wanunsadeunlawnlala
faundn 3 Dadudniuauenasanauisalusunsulalprogrammable address bit) log
fléudessimunaniuzasinliunun A0-A2 vasgunsaliinisienseuuuda PC dwludn
LSB Aldimunniseumiedeudeyadiugunsal aandaiu q windn LSB 1u "0" vanedia
o = £ ar ¢ v W [ 1 17 L4 v
Apan1slsudeyaludegunsaluu andu "1" aziluniseudeyaaingunsal aav Yeyalu
Lusisieunfie Toyaniunu(control byte) lugunsalusiazdivziinsivuateyaniuaui
wanaeiuly endredradu leduuluivesiinsena 24Cxx AgAesdeioyauaninsares
wheanudneunisgyinmsdsleyaly deyaluluvideunde deyaivinisarenensss (data)
naInnsanenenteyaluwdazlu gunsal alanilasunisinnesesdsdygyiniuinoy
NEUNPLNNATI
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N9 UU 10 Gn(10-bit addressingazddpyatiuidudunanios Tngly

U
&

lUNUSNNENNANIZSUAUY Paaruualy 5 Unvuiideuatdu 11110 dwudn 2 Iadaundu

U

o e v a 1 a 2 ¢ v =1 o ]
‘UC"ILL@@Lﬂia‘ﬂaﬂ@qﬂﬂﬁm‘ﬂmﬂ&ﬂqﬁﬁlﬂﬁﬂ 1UU$] LSB ‘UBQEUSNﬁl‘U‘VlLL‘EﬂEJQﬂQLUUﬂW?ﬂ'TVIUﬂT'I

U
I 2/

Fosmssumiadoudeyafugunsal awavsdaiideanisinsadie dayaluidenfuteya
wemnsaluluifl 2 vesgunsalfidesnisiinsosy deyaluvidaluadudeyaniunu doya
wé’qmﬂﬁ/ﬁazLﬁuﬁagaﬁamﬂumiﬁmﬁa wWupgiuiunsifiawuy 7 dandwindiaven
Foyansuynlust Fesdtannigfusiintu Welivuiunisdenaadoyaaunsasuiuseluly
(6]

2.5 lulasmaulnsalaes

lulnsreulnsaians Ae gunsalnuau auImdn eussgaruannsniindrendatu
svuupaufianes Inslululasaeulnsatasildsouien IRy, wirganud uazwesn Fady
drulsgneundndrdnyrasseuupsuiunesidnlimeiu Teevinisussinlilusdudendu

lulaspaulnsatasiuvannuvuisuuunseia nresruuasulnsavuiadnisendn
oe19 nilsdoduszuureninmessunadniansathuvszendldauldnaanvans Tagsu
N1599NULUUTIHMNIEAUIUAIY watdeaiuisalysunsudiduiiondunuan
Input/Output ileds AU Auatgunsaisneg tiandae Tuindussuuiianuisa i
Uszypldanildnarnuate siamisdu Digital uax Analog snéagnatu szuudiyguaey
Sudnludid ssuutnshn, seuupentng ndnou waraug Bssuulilasroulnsatass Tugen
Hagtuduasainmsidendefuszuy Network veseeufinmemiluldsndae dufuns
Fanu3llduantunensas wriorsezidunisdsnuegauazdnlantinuiaiorvisdumeside
[1]

1/0
Port A “

Timer

Watch | {mmmp

dog

@) | scrialPort |¢md)

ROM

1/0 Port C

1/O Port B

$

gﬂff’i 2.7 Tassadnalnevinluvedlalnsreulnsaiass [1]
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2.5.1 Arduino

Arduino ilulasmeulnsaaesuasauuudnsagulugaiiagdu dagnatiawnain
Controller nszna ARM 184 ATMEL darvedlulasnaulnsalaaiuainiaiiesras Open
Source fiannsaly Waureifugunsainieglfuazanuanansalunisifia Boot Loader
iluiidh ARM Feviiliinas Upload Code wnsuasaanunsavildinetu wasdaimswaun
Software fildlunsmunuiuesn 183 Arduino Sdnwusdunte Cr+ Alusunsuimesi
auduaslunisldau fuednaunsathlugaudaiu Fwne Arduino Fendniiu shield

diaifiuruansoiiuty (2]

gﬂﬁ 2.8 lulaspaulnsaiass Arduino [2]

2.5.1.1 gausuividliuedn Arduino Wuiidey
- fnesomeian Ssduuuddsiug LidudoumnedmiugGudu
- §i Arduine Community nauAufisafuRaufiuduse
- Open Hardware yiligldaunsatuesaluseganldenulavaieiu
- 5Anlaiung

- Cross Platform anunsawsiunlusunsuuu OS Tadls
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2.5.1.2 sUnvumsiligulusunsuuu Arduino

sUf 2.9 suluun1s@enlusunsuuy Arduino [2]

1. @eulusunsuuumeniinmed dumslusunsu ArduinolDE danuse
ailnanlaann hitp://Arduino.cc/en/main/software

2. wdnfidvulAalusunsuiSausesud Wigldaudensuvesa
Arduino 7ildfuagmueiay Com port

Archive Sketch
FrxEncoding & Reload
Serial Monitor Chrle ShiftE M Tt

i S M TS @ Arduino Uno
I _ Board k. a8 Arduino Duemilanove w/ ATmega328
Serial Port ’i Arduino Diecimila or Duemilanove w/ ATmegal68
| P A : Arduino Nano w/ ATmega328
S T e Arduino Nano w/ ATmegal 68

27 a1 11 Arduino Mega 2560 or Mega ADK
Arduino Mega (ATmegal 280)

U7 2.10 @ensuuesa Arduino #1v84n13 upload [2]
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[ File Edit Sketch [Tools) Help

Auto Format
Archive Sketch
Fix Encoding & Reload

sketch_oct17a
Serial Monitor Ctrl+Shift+M

Board >
Serial Port )]:

Programmer »

Burn Bootloader

JUN 2.11 (denvanelay Com port Yaeuasn [2]

3. naju Verify [flansiemsunnugndeaias Compilelénlusungu
9 ntunatlsl Upload Tén Wsunsuludaesn Arduino shumsans USB dledulvan
SeuFesuds avuansdoninuuaudiian “Done uploading” wazuasaasEuyinaunud
Weuluswnsulalaiui

aple 15 in the pubiic domain. This exeaple code 13 in the public domain.
o ] .
Fin 13 hF & LEZD commectdd on #6#t Axduingdoact i {7 Pan-L3-has.an LED cennected anmost Ardutho boards,
givy 1t o Fibe i 44 give 1t a nee:
int Jed = 13; int led = 137
® S8EUD €O when 7 he Stuup routine runs once whempyou press reset:
setwp() ( wo1d | setep () §
initialize ¥ digital pin e ot mtd sl

mrdala e dtgital piu 88 an output
pirdace {led, OUTRUT):
) )

4/ the 1oop rourioe’ funs over and over agaiffiforever:
woid loan() { >
s W dtid S Lt

zﬂﬁs nasfa Verify w‘qamﬂaauﬂ‘nuqnﬁaa 31]1*\6 Upload T&alusunsy
uaz Compile lamldsunsy

gﬂﬁ 2.12 Upload Taalusunsuludsuasa Arduino [2]
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2.5.1.3 Layout & Pin out Arduino Board (Model: Arduino UNO R3)

3.wedn ICSP : dwiu USB interface

| 125p0 MisO
| 11<{SPI) MOSI

| 104{5PI) 55
| 3-Interrupt 1
| 2-Interrupt 0

a.wein VO
/

Bl | 5nofnicsp: Amegaaze
10.MCU : Atmegal6U2

e~ I
| 9.4984 Power jack 7-12V i - el | EMCU: Atmega328

/ﬁ

; Taein VO
8.woin Power

‘gﬂ'ﬁ' 2.13 @1upin99v89 Arduino [2)

AB12C) SDA
AS5412C) sCL

1. USB Port: T¥dmsusiafiu Computer iadulnanlusunsuda McU
uagawlwlunuuain
2. Reset Button: \Julu Reset linnilasasnislii MCU Funsviey
Twaal
3. ICSP Port: 781 Atmega16U2 WuneinlilusunsavisualComport
YU AtmegaloU2
4.1/0 Port: Digital /O #ausiv1 DO & D13 woN9NT 14 Pin 2241
wﬁwﬁl%‘uq WRLeE 19y Pin0, 1 (Huan TxRx
Serial,Pin3,5,6,9,10 Lag 11 {Juv PWM
5.1CSP Port: Atmega328 Wunesniildlusunsy Bootloader
6. MCU: Atmega328 1u MCU #ldunueda Arduino
7. /O Port: uananagidiu Digital 170 wé Suddeudu Yesdudymyio
guUEeN Aausan AO-A5
8. Power Port: IWidswavasailafosmsanglnlsiuisasnieuen
Usznaudeunluliass +3.3 V, +5V, GND, Vi,
9. Power Jack: $ulWan Adapter Tnsfiusefuegszwing 7-12 v
10. MCU: 283 Atmega16U2 18 MCU fiviwsihiidu USB to Serial
1ng Atmega328 azhnsafiu Computer #1uU Atmegal6U2

149484
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2.6 Kalman Filter Algorithm
Tngunfdeiisimosnisgilodiasenssuuie u namilsgszuuianiuy (States)
Wuasnsls wazanuzvassruuAsullamiuateyisls lunefifuesass nasun
anuzveaszuuliluFeans wneflvedriaarsuede wu avuiluanysuvesduwesily
Snantugvasszuunazanuaatnndeulunisin Ienidsdmiunianiuzvesssuufely
Kalman Filter %dLﬂugmiﬂNﬂﬂﬁlﬁﬁaﬂi (Algorithm) Wau1lag as. R. E. Kalman Tud
A.A.1960 Kalman Filter gniunlaluniusnitedszanaaniurvesszuuthsososey
Apollo lumslaasluainia Yagiukalman Filter gnuranlvessunsuans Tnslamzesnad
Wisladszanaveyaainiduisesuaisuszian meladnygiusuniu (Noise) 91nvaneumas
iemAUsEINMYB AL YR sLUUARTIAN (Data Fusion) nsfinwiieaiuszuulnesialy
indaoguuanyigiuiinnugynestafisafussuugnaesuuueu 100 Wasidun
(Deterministic) Mslvauygtusnanidvedinludinsanse
1 lufuvusrasemnndamanslafiauysu 100 Wendualudineiefidauys
Wudrwusniisinaneszuudauaunsaihundsuuannislnogansuniuany s
aguulunslaanig
;‘r(t)=M
dt

=v(1)

ileusTsnEnsIndeunveadosuIUuNINTuvDIAI T LN UsEes Tumu
Wuesaiiuadedug Snwusiuauinn uvgiinmeuen ergnislyaiu ansdnuse deaoud
NaRBLATEEUALAYANISITBSE) Mstluausntuduuusseieluidedamans agns
AsunuaNyTalla

2. lufiwueoslafifaalasuysa 100 Weosidualumajifisuwesynaiadan
AAALAABY (Measurement Noise) aganvisussdusgiunaieuads uenainiluiingded
anuzUssEULaeUsTLANTulres s felalagase wu amesmssiuaiiuulan
waneauD1TuLzlnlY GPS wadiiiedesiu GPS Tnlaa3eq lulwhunisunuunaudygyio
Ingignasunanaiion ManieIesiu GRS awsnuanmuvudlafinenisiuimnaii
pduluAunennaifisuinduaiosfulazulasamilid ussegn e iisufu
inFesdunitelusuamsiumusdnaenis mmwmmnﬁ%memmﬁuﬁuﬁmmﬁlugﬂmm
aunsynsadineanseeuiinunaiaiadeunifielves

3. Vadunmeuenilluaunsamunula 9infesnsusnunssuag nisuaa Aol
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19

una 3

A5N15ALUUIURY

TuanfadnuilfiunAnluniseenwuunazairaaieadionldlunisifiudeyadalula

= A4 & dw 1 I o 1 A wvy o
’U@\“IQ']'Uﬂ']'ﬁﬁ@‘ULV]E|°ULﬂﬁa@uaﬁﬁ@@ﬂqiﬂqqﬂﬁ3L§ﬂﬂaﬂq\1urlﬂLLaﬁﬁﬂ']'ﬁJLLﬂu&n ﬂqmjmlﬂF\BQN

£ L}

ANUYNARY Lazdidenaissvesanlunisaeuiiuiianas vinlvigvimsaauiievanunsal

LYY

anudfufunulududule

o

3.1 Ydquazgunsal

CONSTANTAN

(ALUMEL) 10mvrc
IRON
LCHROMEL) El [EI N EI I ]
=== com

3.1.2 IC AD595 (Signal Ampilifier) [5]



Vss Voo
L L
MCESe Voltage Reference
(2.048Vv)
] Vrer
CH1+ 2
CH1- 50 e =
= Converter | | Interface
CH2+
CH2- Gain=124,0r8
Clock
— Oscillator

3.1.3 IC MCP3422 (Analog to Digital Converter) [10]
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3.1.6 SD card (memory)
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3.1.8 fasumudsuala 5alaleviy, Aduniu 220 Taviy, 5atatesy, 10 Alaleviu
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A A
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/ Receive Data /

A

Calculate data

/ Send data to SD card /

Wait 1 min

Round + 1

Green LED = on

A 4

Yellow LED1 = off

Yellow LED2 = off

A 4

END
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A15197 4.1 ANLAINNITYINEaRIAAIINNNSAAUIITIVIINISUURAN 0 °C

Line C1 Xel Temp A c2 Xe2 Temp B
1 117 1.7 -0.70 0.72 0.72 -0.93
2 1.20 1.19 -0.69 0.72 0.2 -0.93
2 1.19 1.19 -0.69 0.73 0.72 -0.92
4 1.9 1.19 -0.69 0.74 0.73 -0.92
b 1.18 1.19 -0.69 0.73 0.73 -0.92
6 1.18 1.18 -0.69 0.73 0.73 -0.92
7 1.18 1.18 -0.69 0.73 0.73 -0.92
8 1.19 1.18 -0.69 0.737 0.73 -0.92
9 1.18 1.18 -0.69 0.70 0.72 -0.92
10 1.30 1.20 -0.68 0.58 0.71 -0.94

a31971 4.2 Afilsainnisvaesiidainnnsannusafivinnnstudin 25 °C

Line C1 Xe 1 Temp A c2 Xe 2 Temp B
1 27.97 27.97 25.85 28.04 28.04 25.89
2 27.97 27.97 25.85 28.03 28.04 25.88
2 2797 27.97 25.85 28.04 28.04 25.89
4 27.94 27.96 25.84 28.02 28.03 25.88
5 27.92 27.96 25.81 28.00 28.03 25.87
6 27.90 27.95 2583 27.98 28.02 25.87
i 2787 2794 2582 2796 28.01 25.86
8 27.85 2793 2581 27.94 28.00 25.85
9 27.87 2792 25.80 2793 27.99 25.84
10 27.87 2791 25.79 27.94 27.99 25.84




AN5197 4.3 ARLAAINNNSYINARIUAIINNISAAIUIITYINAISUURN 30 °C
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Line 0 Xe 1 Temp A 2 Xe 2 Temp B
1 32.86 32.86 30.61 33.00 32.99 30.69
2 32.85 32.85 30.61 33.00 33.00 30.69
3 32.84 32.85 30.61 32.97 32.99 30.68
q 32.84 32.85 30.60 32.97 32.98 30.68
5 32.88 32.85 30.61 32.98 32.98 30.68
6 32.90 32.86 30.62 3299 32.98 30.68
7 32.89 32.87 30.62 32.99 32,99 30.68
8 32.87 32.87 30.62 32.98 32.99 30.68
9 32.86 32.87 30.62 L] 32.98 30.68
10 32.86 32.87 30.62 3297 32.98 30.68

aT197l 4.6 mdildannnisviaesilidnsnnidarusiiiviinsduiin 40 °C

Line C1 Xel Temp A Cc2 Xe2 Temp B
1 4278 42.78 40.21 43.00 43.00 40.32
2 42.80 42.79 40.22 43.02 43.01 40.33
2 14282 42.80 40.23 43.03 43.02 40.34
4 12.83 42.81 40.24 143.02 13,02 40.34
8 42.83 42.81 40.24 4303 43.02 40.34
6 42.83 42.81 40.25 43.02 43.02 40.34
7 42.86 42.82 40.25 43:01 7 43.02 40.34
8 42.86 42.83 40.26 42.96 43.01 40.33
9 42.85 42.83 40.26 43.06 43.02 40.34
10 42.84 42.83 40.26 43.06 43.02 40.34




ANSMA 4.5 ANbRAINN15YINaaIilaa1NNISAANNIRYINNTSTURN 45 °C

32

Line c1 Xel Temp A c2 Xe2 Temp B
1 47.92 4792 45.14 48.20 48.20 45.30
2 47.91 4791 45.14 48.19 48.20 45.29
3 47.88 47.90 14513 48.16 18.19 45.28
q 47.94 47.91 45.14 48.22 48.19 45.29
5 47.99 47.93 45.16 48.20 48.19 45.29
6 a47.99 4794 45.17 48.23 48.20 45.30
b 47.96 4794 4517 48.22 48.20 45.30
8 47.93 4794 4517 48.19 48.20 45.30
9 47.92 47.94 45.17 48.16 48.20 45.29
10 47.90 47.93 45.16 48.15 48.19 45.29

A99T 4.6 MiildaInnsvhasdiiaainnsaniusafivinisdudin 50 °C

Line c1 Xel Temp A @2 Xe2 Temp B
1 53.14 53.14 50.13 53.44 53.44 50.29
2 53.15 5314 50. 0 53.45 5o45 50.29
3 53.10 S8 50.12 53.42 5344 50.28
4 53.04 5317 50.10 5336 53.42 50.26
5 53.03 53.09 50.09 5 355 53.40 850.25
6 5807 53.09 50.08 e S 0 53.40 50.25
T 53.08 53.09 50.08 55.39 53.40 50.24
8 53.04 53.08 50.08 D825 53.39 50.24
9 53.02 53.07 50.07 5332 53.38 50.23
10 53.04 53.07 50.07 5334 53.38 50.23




A15199% 4.7 A19lea1nn1svinassilaainnisanaudinvinnisuuiin 55 °C

33

Line C1 Xel Temp A c2 Xe2 Temp B
1 58.17 58.17 54.91 58.53 58.53 55.11
2 58.32 58.24 54.98 58.63 58.58 55.16
3 58.37 58.29 55.02 58.69 58.62 55.19
a4 58.32 58.30 55.03 58.67 58.63 55.21
5 58.27 58.29 55.02 58.63 58.63 55.21
6 58.24 58.28 55.01 58.60 58.62 55.20
7 58.23 58.27 55.01 58.59 58.62 55.20
8 58.20 58.26 55.00 58.56 58.61 5519
9 58.18 58.25 54.99 58.55 58.60 55.18
10 58.23 58.25 54.99 58.58 58.60 55.18

a5l 4.8 itldannsiassidainnisarnusfiviinasudin 60 °C

Line 1l Xel Temp A C2 Xe2 Temp B
1 63.54 63.514 59.98 63.94 63.94 60.22
2 68455 63.54 59.98 63.96 095 60.23
2 63.48 Erdrebn 59.96 G300 63.94 60.22
q 63.43 63.50 59.91 63.87 63.92 60.20
5 63.50 63.50 59.91 63.91 63.92 60.20
6 63.50 63.50 59.94 63.92 63.92 60.20
i 63.42 63.49 59.93 63.86 63.91 60.19
8 %, S 63.47 59.92 63.82 63.90 60.18
9 63.36 63.46 59.90 63.79 63.89 60.17
10 63.33 63.45 59.89 63.77 63.87 60.16




A15197 4.9 A1NlE1NN1SYiNasiilaaInnisanNNIRYinnIsTuin 65 °C
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Line C1 Xel Temp A c2 Xe2 Temp B
1 68.73 68.73 64.86 69.20 69.20 65.17
2 68.68 68.71 64.83 69.16 69.18 65.15
3 68.69 68.70 64.83 69.16 69.17 65.14
q 68.76 68.72 64.84 69.21 69.18 65.15
5 68.77 68.73 64.85 69.23 69.19 65.16
6 68.74 68.73 64.86 69.21 69.19 65.16
7 68.74 68.73 64.86 69.20 69.20 65.16
8 68.75 68.74 64.86 69.21 69.20 65.16
9 68.72 68.73 64.86 69.19 69.20 65.16
10 68.66 68.73 64.85 69.14 69.19 65.16

A5 4.10 Ailianmhassideeinnsnausaiivinisdudin 70 °C

Line C1 Xel Temp A O, Xe2 Temp B
1 74.02 74.02 69.79 74.56 74.56 70.18
2 74.02 74.02 69.79 74.55 74.56 70.17
3 73.94 1399 69.77 74.49 74.53 70.15
4 73.94 73.98 69.76 74.47 74.52 70.14
5 74.01 73.98 69.76 74.53 74.52 70.14
6 74.03 73:99 69.77 74.55 74.52 70.15
74 13.96 73,99 69.77 74.50 74.52 70.14
8 74.02 73.98 69.77 74.53 74.52 70.14
9 74.12 74.01 69.78 74.61 74.53 70.15
10 14,12 74.02 69.79 74.63 74.54 70.16




AN5199 4.11 Alaannn1syinasilaainn1saauaivinn1suudin 75 °C
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Line cl Xel Temp A c2 Xe2 Temp B
1 79.31 79.31 74.70 79.92 79.92 7517
2 79.40 79.35 74.75 79.98 79.95 75.20
3 79.65 79.45 74.84 80.17 80.02 75.27
4 79.77 79.53 74.91 80.28 80.09 15.33
5 79.82 79.59 74.97 80.34 80.14 7537
6 79.74 79.61 74.99 80.29 80.16 75.40
7 79.59 79.61 74.99 80.18 80.17 75.40
8 79.52 79.60 74.98 80.12 80.16 1539
9 79.51 79.59 74.97 80.09 80.15 75.39
10 79.50 79658 74.96 80.07 80.14 75.38

a15197 4.12 Ardtldannisvhasiildaainnnsaannsiiivianistiurin 80 °C

Line C1 Xel TempA 3, ¢ Xe2 TempB
1 84.90 814.90 79.87 85.54 85.514 80.38
2 84.86 84.88 79.85 85.51 85.53 80.37
2 84.80 84.86 79.83 85.46 85.50 80.35
q 84.85 814.85 79.83 85.48 85.50 80.34
5 84.85 84.85 79.82 85.49 85.50 80.34
6 84.75 84.84 79.81 85.40 85.48 80.32
i 84.76 84.82 79.80 85.39 85.47 80.31
8 84.87 84.83 79.80 85.48 85.47 80.31
9 84.90 84.84 79.81 85.50 85.47 80.32
10 84.85 84.84 79.81 85.48 85.47 80.32




A15799 4.13 ATIlennsvinaiidaalnnisaAuIInYinn1sTufin 85 °C
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Line Cc1 Xel Temp A c2 Xe2 Temp B
1 90.27 90.27 84.80 90.98 90.98 45,39
Z 90.33 90.30 84.83 91.03 91.00 85.42
3 90.30 90.30 84.82 91.00 91.00 85.42
4 90.27 90.29 84.82 90.98 91.00 85.41
5 90.41 90.32 84.84 91.08 91.01 85.43
6 90.49 90.34 84.86 91.15 91.04 85.45
7 90.45 90.36 84.88 91.13 91.05 85.46
8 90.33 90.36 84.87 91.05 105 85.46
9 90.30 90.35 84.87 91.01 91.04 85.46
10 90.36 90.35 84.87 91.05 91.05 85.46

M5l 4.14 fildannnsiiaesidninnisananusfivihnstiuiin 90 °C

Line C1 Xel Temp A c2 Xe2 Temp B
1 95.76 95.76 89.80 96.53 96.53 90.49
2 95.78 517 89.81 96.54 96.54 90.50
5 95.76 YA 89.81 96.51 = i ) 90.49
a 95.79 I 89.82 96.54 96.53 90.49
5 95.84 9579 89.83 96.57 96.54 90.50
6 95.80 95.79 89.83 96.53 96.54 90.50
7 95.77 95.79 89.83 96.52 96.53 90.50
8 95.85 95, 89.84 96.57 96.54 90.50
9 95.86 95.80 89.84 96.58 96.54 90.51
10 95.80 95.80 89.84 96.52 96.54 90.50
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Set 20°C 30°C 35°C 40°C 45°C
1 255178 32.606 31397 42.367 47.368
2 25.568 32.596 T3 42.368 47.364
3 25.560 32.587 37.420 42.367 47.365
a4 25551 32,578 37.425 42.367 47.372
5 25.545 32510 37.427 42.371 47.382
6 25,532 32.568 37.436 42.372 47.384
i 25527 22565 37.440 42.365 47.381
3 25523 32.559 37.446 42.360 47.375
Y 250649 32.542 37.438 42.364 47.370
10 25514 S4r3) 37.428 42.370 47.363

AN5199 4.16 HaN1SWUIBUNEUUD99NIASBINDYIIEDY

Set Temp R Thermocouple A Thermocouple B
0 -0.045 1.19 032
25 27.578 27.97 28.05
30 32.570 32.86 32.99
B5 37.433 37.80 37.98
40 42.367 42.81 43,02
45 47.372 47.93 48.20
50 8,336 53.10 £3.41
55 57.282 58.26 58.60
60 62.211 63.50 63.92
65 67.179 68.73 69.19
70 72.128 74.00 74.53
15 77.171 79.52 80.09
80 82.017 84.85 85.49
85 87.026 90.32 91.02
90 91.984 95.78 96.54
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A157197 4.17 A1RlaInNNN$AAINLLN

41

Round Thermocouple A Thermocouple B
(Dry bulb sensor) (Wet bulb sensor)

1 85.06 81.30

4 85.08 81.31

3 85.07 81.30

a 85.05 81.28

5 85.03 81.29

Average 85.06 81.30

Afildananamesluduida A andurvetnnvgiveaniodadlin 85 °C waville

A1nangednsRRaemesluAUlla A (nseuelon) uwazatawesluadila B (nsuy

Wwihg) WethwAunamanusulaglusunInveasesingaoaam)iliey laauvuiny

85.6% 4151 lannandUSsuisuAIAuNSEUILNISWUUIMNA AT DB 1LANM S luAUa

AowA3es Fluke 714 MlwaIasiionnigiu wudnaies Fluke 714 awangamgiinseiie

g o o = o o e o E ]
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Code Arduino

#include <Wire.h>

#include <SD.h>

#include <SPI.h>

File myFile;

#define MCP3422 ADDRESS 0X68

#define MCP342X_GAIN_FIELD 0X03 // PGA field

#define MCP342X GAIN X1  0XO00 // PGA gain X1

#tdefine MCP342X_GAIN_X2  0X01 // PGA gain X2

#tdefine MCP342X_GAIN_X4 -~ 0X02 // PGA gain X4

#define MCP342X_GAIN X8 . 0X03 // PGA gain X8

#define MCP342X_RES FIELD 0XOC // resolution/rate field

#define MCP342X _RES SHIFT 2 - // shift to low bits

#define MCP342X_12 BIT 0X00 // 12-bit 240 SPS

#define MCP342X 14 BIT ~ 0X04 // 14-bit 60 SPS

#define MCP342X 16 BIT = 0X08 // 16-bit 15 SPS

#define MCP342X 18 BIT ~ OX0C // 18-bit 3.75 SPS

#define MCP342X _CONTINUOUS 0X10 // 1 = continuous, 0 = one-shot

#define MCP342X_CHAN_FIELD 0X60 // channel field

#define MCP342X CHANNEL 1 0X00 /7 select MUX channel 1

#define MCP342X CHANNEL 2 0X20 // select MUX channel 2

#define MCP342X_CHANNEL_3 0X40 // select MUX channel 3

#define MCP342X_CHANNEL_4 0X60 // select MUX channel 4

#define MCP342X_START ~ 0X80 // write: start a conversion

#define MCP342X_BUSY 0X80 // read: output not ready
uint8_t adcConfig = MCP342X START | MCP342X CHANNEL 1 | MCP342X CONTINUOUS;
uintlé_t mvDivisor;

const int buttonPinl = 7; //Switch start

const int ledPin2 = 2; //Green LED Complete

const int ledPin3 = 3; //Yellow LED Recording

const int ledPind = 4; //Yellow LED Waiting 30 mins

const int ledPin5 = 5; //Blue LED SD card ok



const int ledPiné = 6; //Red LED SD card Fail or Error
int buttonStatel = 0;
boolean RUN =
boolean present = 0;

const int chipSelect = 10;

int Round =0;
float C1 =)
float C2 =0;
int  mins =03

float varVoltl = 1.12184278324081E-05 ;
float varProcess1 = 1e-§;

float Pcl = 0.0;

float G1 = 0.0;

float P1 = 1.0;

float Xpl = 0.0;

float Zpl = 0.0;

0.0;

float TempA = 0.0;

float varVolt2 = 1.12184278324081E-05 ;

float Xel

float varProcess?2 = le-8;
float Pc2 = 0.0;
float G2 = 0.0;
float P2 = 1.0
float Xp2 = 0.0;
float Zp2 = 0.0;
float Xe2 = 0.0;
float TempB = 0.0;
void checkSD()
{ Serial.printn("check SD card");
if (ISD.begin(10))
{ Serial.println("Card failed");
digitalWrite (ledPin6,HIGH);

return;



}
Serial.printin("SD card OK");
digitalWrite (ledPin5,HIGH);
present=1;
delay(2000);
}
void Receive()

{

adcConfig = MCP342X START | MCP342X CHANNEL 1 |
MCP342X CONTINUOUS;

int32_t dataCH1;

uint8_t chanCH1 =0;

uint8 t gainCH1 =0;

uint8 t resCHl =3;

if (Imcp342xRead(dataCH1, chanCH1, gainCH1, resCH1)) ;
float mvCH1 = (float)dataCH1/mvDivisor;
Cl = (float)mvCH1/10;

Pcl = P1+ varProcessl;

G1 = Pc1/(Pcl + varVoltl);

RL=(1-G1)*Pcl;

xpr=.Xel;

Zpl = Xpl;

Xel = G1*(C1-Zpl)+Xpl;

TempA =( -0.0009*(Xe1)*(Xel)) + (1.0554*(Xel)) - 1.2583
/7'y =-0.0009x2 + 1.0554x - 1.2583

Serial.print(C1);Serial.println(" C <<< CH1 ");
Serial.print(Xe1);Serial.println(" Xel <<< CH2 ")
delay(20);



adcConfig = MCP342X_START | MCP342X_CHANNEL 2 |
MCP342X_CONTINUOUS;

int32_t dataCHZ;

uint8_t chanCH2 =1;

uint8_t gainCH2 =0;

uint8 t resCHZ =3;

if (Imcp342xRead(dataCH2, chanCH2, gainCH2, resCH2));
float mvCH2 = (float)dataCH2/mvDivisor;
C2 = (float)mvCH2/10;
Pc2 = P2+ varProcess?2;
G2 = Pc2/(Pc2 + varVolt2);
P2 = (1-G2)*Pc2;
Xp2 = Xe2;
YO A XD
Xe2 = G2XM(C2-Zp2)+Xp2;
TempB =( -0.0008%(Xe2)*(Xe2)) + (1.0371%(Xe2)) - 0.81
//y = -0.0008x2 + 1.0371x - 0.81

Serial.print(C2);Serial.printin(" C <<< CH2 "),
Serial.print(Xe2);Serial.printn(" Xe2 <<< CH2 ");

void writeSD()
{
myFile = SD.open("datalog.csv", FILE_WRITE);
iflmyFile)
{
myFile.print(Round);
myFile.print(",");
myFile.print(C1);
myFile.print(",");
myFile.print(Xel);



myFile.print(",");
myFile.print(TempA);
myFile.print(",");
myFile.print(C2);
myFile.print(",");
myFile.print(Xe2);
myFile.print(",");
myFile.printin(TempB);

myFile.close();

uint8 t mcp342xRead(int32_t &data, uint8_t chan, uint8 _t gain, uint8_t res)
{

adcConfig |= chan << 5| res << 2 | gain;

mvDivisor = 1 << (gain + 2*res);

mcp342xWrite(adcConfig);

uint8_t *p = (uint8_t *)&data;
uint32_t start = millis();
do
{
Wire.requestFrom(MCP3422 ADDRESS, 4);
if (Wire.available() = 4)
{
Serial.printin("read failed"),
return false;

}

for (int8 ti=2;i>=0; i)
{
plil = Wire.read();
}



p[3] = pl2] & OX80 ? OXFF : 0;
uint8_t s = Wire.read();
if (s & MCP342X_RES_FIELD) I= MCP342X_18 BIT)
{
pl0] = pl1];
pll] = pl2];
pl2] = pl3];
}
if (s & MCP342X_BUSY) == 0) return true;
}
while (millis() - start < 500);
Serial.printin("read timeout");

return false;

uint8_t mcp342xWrite(uint8 t config)

{
Wire.beginTransmission(MCP3422 ADDRESS);
Wire.write(config);
Wire.endTransmission();

}

void setup()
{
Serial.begin(9600);
Wire.begin();
pinMode(buttonPinl, INPUT);
pinMode(ledPin2, OUTPUT);
pinMode(ledPin3, OQUTPUT),
pinMode(ledPind, OUTPUT);
pinMode(ledPin5, OUTPUT);



pinMode(ledPiné, OUTPUT);

checkSD();

void loop()

if(present == 1)
{
buttonStatel = digitalRead(buttonPin1);

if (buttonStatel == HIGH )
{
digitalWrite (ledPin5,LOW);
digitalWrite (ledPin2,LOW);
myFile = SD.open("datalog.csv", FILE WRITE);
ifmyFile)
{
myFile.print("Line");
myFile.print(",");
myFile.print("TempA");
myFile.print(",");
myFile.println("TempB");

myfFile.close(); }

RUN =1 ;
}
if RUN == 1)
{
for(int sec =0;sec <=30; sec++)
{

digitalWrite (ledPind,LOW);



delay(1000);
digitalWrite (ledPind,HIGH);
delay(1000);
}
mins ++ ;

Serial.println (mins);

if (mins == 30)
{
for (int count = 0; count < 5 ;count++ )
{

Receive();

delay(20);

Round ++ ;

writeSD();

for(int sec =0:sec <=30; sec++)
{
digitalWrite (ledPin3,LOW);
delay(1000);
digitalWrite (ledPin3,HIGH);
delay(1000),
}

Round = 0;

RUN =0;

mins = 0;

digitalWrite (ledPin2,HIGH);

digitalWrite (LedPin3,LOW);

digitalWrite (ledPind,LOW);
I % 13
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Monolithic Thermocouple Amplifiers
with Cold Junction Compensation

AD394/AD395

FEATURES
Pretrimmed for Type J (AD594) or

Type K (AD595) Thermocouples
Can Be Used with Type T Thermocouple Inputs
Low Impedance Voltage Output: 10 mV/°C
Built-In Ice Point Compensation
Wide Power Supply Range: +5 V to £15V
Low Power: <1 mW typical
Thermocouple Failure Alarm
Laser Wafer Trimmed to 1°C Calibration Accuracy
Setpoint Mode Operation )
Self-Contained Celsius Thermometer Operation
High Impedance Differential Input
Side-Brazed DIP or Low Cost Cerdip

PRODUCT DESCRIPTION

The AD594/AD595 is a complete instrumentation amplifier and
thermocouple cold junction compensator on a monolithic chip.
It combines an ice point reference with a precalibrated amplifier
to produce a high level (10 mV/°C) output directly from a ther-
mocouple signal. Pin-strapping options allow it to be used as a
linear amplifier-compensator or as a switched output setpoint
controller using either fixed or remote setpoint control. It can
be used to amplify its compensation voltage directly, thereby
converting it to a stand-alone Celsius transducer with a low
impedance voltage output.

The AD594/AD595 includes a thermocouple failure alarm that
indicates if one or both thermocouple leads become open. The
alarm output has a flexible format which includes TTL drive
capability.

The AD594/AD595 can be powered from a single ended supply
(including +5 V) and by including a negative supply, tempera-
tures below 0°C can be measured. To minimize self-heating, an
unloaded AD594/AD595 will typically operate with a total sup-
ply current 160 pA, but is also capable of delivering in excess of
+5 mA to a load.

The AD594 is precalibrated by laser wafer trimming to match
the characteristic of type J (iron-constantan) thermocouples and
the AD595 is laser trimmed for type K (chromel-alumel) inputs.
The temperature transducer voltages and gain control resistors
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are available at the package pins so that the circuit can be
recalibrated for the thermocouple types by the addition of two
or three resistors. These terminals also allow more precise cali-
bration for both thermocouple and thermometer applications.

The AD594/AD595 is available in two performance grades. The
C and the A versions have calibration accuracies of £1°C and
+3°C, respectively. Both are designed to be used from 0°C to
+50°C, and are available in 14-pin, hermetically sealed, side-
brazed ceramic DIPs as well as low cost cerdip packages.

PRODUCT HIGHLIGHTS
1. The AD594/AD595 provides cold junction compensation,
amplification, and an output buffer in a single IC package.

2. Compensation, zero, and scale factor are all precalibrated by
laser wafer trimming (LWT) of each IC chip.

3. Flexible pinout provides for operation as a setpoint control-
ler or a stand-alone temperature transducer calibrated in
degrees Celsius.

4. Operation at remote application sites is facilitated by low
quiescent current and a wide supply voltage range +5 V to
dual supplies spanning 30 V.

5. Differential input rejects common-mode noise voltage on the
thermocouple leads.

One Technology Way, P.O. Box 9106, Norwood, MA 02062-9106, U.S.A.
Tel: 781/329-4700 World Wide Web Site: http://www.analog.com
Fax: 781/326-8703 © Analog Devices, Inc., 1999



AD394/AD3935-SPECIFICATIONS

(@ +25°C and Vs =5V, Type J (AD594), Type K (AD595) Thermocouple,
unless otherwise noted)

Model AD394A AD594C AD595A AD595C
Min Typ Max Min Typ Max Min Typ Max Min Typ Max Units
ABSOLUTE MAXIMUM RATING
+Vs 10 Vs 36 36 36 36 Volts
Common-Mode Input Voltage -Vs-0.15 +Vs -Vs-0.15 +Vs -Vs-0.15 +Vs -Vs - 0.15 +Vs Volts
Differential Input Voltage -Vs +Vs -Vs +Vs -Vs +Vg Vg +Vs Volts
Alarm Voltages
+ALM Vs -Vs+36 | -Vs -Vs+ 36 |-Vs -Vs +36 | -Vs Vs + 36 Volts
-ALM Vs +Vs Vs +Vs Vs +Vs Vs +Vg Volts
Operating Temperature Range -55 +125 -55 +125 -55 +125 -55 +125 °C
Qutput Short Circuit to Common | Indefinite Indefinite Indefinite Indefinite
TEMPERATURE MEASUREMENT
(Specified Temperature Range
0°C to +50°C)
Calibration Error at +25°C! *3 *+1 +3 +1 °C
Stability vs. Temperature? +0.05 +0.025 *0.05 +0.025 °clrC
Gain Error +1.5 +0.75 *1.5 +0.75 %
Nominal Transfer Function 10 10 10 10 mV/°C
AMPLIFIER CHARACTERISTICS
Closed Loop Gain® 193.4 193.4 247.3 247.3
Input Offset Voltage (Temperature in °C) x (Temperature in °C) x (Temperature in °C) x (Temperature in °C) X
51.70 pV/°C 51.70 uV/°C 40.44 pV/°C 40.44 pV/°C nY
Input Bias Current 0.1 0.1 0.1 0.1 PA
Differential Input Range -10 +50 -10 +50 -10 +50 mV
Common-Mode Range -V5-0.15 -V5-4 -Vg-10.15 -Vs-4 -Vg-0.15 -Vg-4 V5 -0.15 -Vs-4 Volts
Common-Mode Sensitivity - RTO 10 10 10 10 mV/V
Power Supply Sensitivity - RTO 10 10 10 10 mV/V
Outpur Voltage Range
Dual Supply Vs +2.5 V=2 | Vg+ 25 Vs=2, [Vgt2:5 +Vs-2 | -Vs+2.5 +Vg-2 Volts
Single Supply 0 +Vg-2 i} ~Vs=2 0 +Vs + 2 0 +Vs-2 Volts
Usable Output Current? *5 +5 k) £5 mA
3 dB Bandwidth 15 15 15 15 kHz
ALARM CHARACTERISTICS
Vegsam at 2 mA 0.3 0.3 0.3 0.3 Volts
Leakage Current B, *1 *1 +1 MA max
Operating Voltage at - ALM +Vg =4 +Vs5-4 +Vs=4 +Vs=4 Volts
Short Circuit Current 20 20 20 20 mA
POWER REQUIREMENTS
Specified Performance +Vs=5,-Vs=0 +V5=5,-V5s=0 +V5=5,-Vg=0 +Vs=5,-Vs=0 Volts
Operating® +Vgt0 -V <30 +V5 10 V5 <30 +V510-Vs €30 +Vgto -Vg <30 Volts
Quiescent Current (No Load)
+Vs 160 300 160 300 160 300 160 300 A
Vg 100 100 100 100 HA
PACKAGE OPTION
TO-116 (D-14) AD594AD AD594CD AD3595AD AD595CD
Cerdip (Q-14) AD594AQ AD594CQ AD595AQ AD595CQ

NOTES

!Calibrated for minimum error at +25°C using a thermocouple sensitivity of 51.7 uV/°C. Since a J type thermocouple deviates from this straight line approximation, the AD594 will normally
read 3.1 mV when the measuring junction is at 0°C. The AD595 will similarly read 2.7 mV at 0°C.
Defined as the slope of the line connecting the AD594/AD595 errors measured at 0°C and 50°C ambient temperature.

3Pin 8 shorted to Pin 9.

4Current Sink Capability in single supply configuration is limited to current drawn to ground through a 50 kQ resistor at output voltages below 2.5 V.

5V must not exceed -16.5 V.

Specifications shown in boldface are tested on all production units at final electrical test. Results from those tests are used to calculate outgoing quality levels. All min and max specifications

are guaranteed, although only those shown in boldface are tested on all production units.
Specifications subject to change without notice.

INTERPRETING AD594/AD595 OUTPUT VOLTAGES

To achieve a temperature proportional output of 10 mV/°C and
accurately compensate for the reference junction over the rated
operating range of the circuit, the AD594/AD595 is gain trimmed
to match the transfer characteristic of J and K type thermocouples
at 25°C. For a type ] output in this temperature range the TC is
51.70 uV/°C, while for a type K it is 40.44 pV/°C. The resulting
gain for the AD594 is 193.4 (10 mV/°C divided by 51.7 pV/°C)
and for the AD595 is 247.3 (10 mV/°C divided by 40.44 uv/°C).
In addition, an absolute accuracy trim induces an input offset to
the output amplifier characteristic of 16 puV for the AD594 and
11 pV for the AD595. This offset arises because the AD594/
AD595 is trimmed for a 250 mV output while applying a 25°C
thermocouple input.

Because a thermocouple output voltage is nonlinear with respect
to temperature, and the AD594/AD595 linearly amplifies the

compensated signal, the following transfer functions should be
used to determine the actual output voltages:
AD594 ourpur = (Type J Voltage + 16 uV) x 193.4
AD595 ourpur = (Type K Voltage + 11 uV) x 247.3 or conversely:
Type J voltage = (AD594 ourput/193.4) — 16 UV
Type K voltage = (AD595 ourput/247.3) — 11 uV/

Table I lists the ideal AD594/AD595 output voltages as a func-
tion of Celsius temperature for type J and K ANSI standard
thermocouples, with the package and reference junction at
25°C. As is normally the case, these outputs are subject to cali-
bration, gain and temperature sensitivity errors. QOutput values
for intermediate temperatures can be interpolated, or calculated
using the output equations and ANSI thermocouple voltage
tables referred to zero degrees Celsius. Due to a slight variation
in alloy content between ANSI type J and DIN FE-CUNI

REV.C



Table I. Output Voltage vs. Thermocouple Temperature (Ambient +25°C, Vg =-5V, +15V)
Thermocouple Type] AD3594 Type K ADS595 Thermocouple Type] AD59%4 Type K AD3595
Temperature Voltage Output Voltage Output Temperature Voltage Output Voltage Output
G mV mV mV mV G mV mV mV mV
-200 —7.890 -1523 -5.891 -1454 500 27.388 5300 20.640 5107
-180 -7.402 -1428 -5.550 -1370 520 28.511 5517 21.493 5318
-160 -6.821 -1316 -5.141 -1269 540 29.642 5736 22.346 5529
-140 -6.159 -1188 -4.669 -1152 560 30.782 5956 23.198 5740
=120 -5.426 -1046 -4.138 -1021 580 31.933 6179 24,050 5950
-100 -4.632 -893 -3.553 -876 600 33.096 6404 24.902 6161
-80 -3.785 -729 -2.920 -719 620 34.273 6632 25.751 6371
-60 -2.892 -556 -2.243 -552 640 35.464 6862 26.599 6581
-40 -1.960 -376 -1.527 -375 660 36.671 7095 27.445 6790
=20 =995 -189 =777 -1806 680 37.893 7332 28.288 6998
-10 -.501 -94 -.392 -94 700 39.130 7571 29.128 7206
0 0 3.1 0 2.7 720 40,382 7813 29.965 7413
10 507 101 397 101 740 41.647 8058 30.799 7619
20 1.019 200 798 200 750 42.283 8181 31.214 7722
25 1.277 250 1.000 250 760 5 = 31.629 1825
30 1.536 300 1.203 300 780 = = 32.455 8029
40 2.058 401 1.611 401 800 - = 33.277 8232
50 2.585 503 2.022 503 820 = = 34.095 8434
60 3,115 606 2.436 605 840 2 =; 34,909 8636
80 4.186 813 3.266 810 860 - = 35.718 8836
100 5.268 1022 4.095 1015 880 = - 36.524 9035
120 6.359 1233 4919 1219 900 - - 37.325 9233
140 7.457 1445 5.733 1420 920 - - 38.122 9430
160 8.560 1659 6.539 1620 940 - - 38.915 9626
180 9.667 1873 7.338 1817 960 - - 39.703 9821
200 10.777 2087 8.137 2015 980 - = 40.488 10015
220 11.887 2302 8.938 2213 1000 . — 41.269 10209
240 12.998 2517 9.745 2413 1020 - k- 42.045 10400
260 14.108 2732 10.560 2614 1040 = = 42.817 10591
280 15.217 2946 11.381 2817 1060 - = 43.585 10781
300 16.325 3160 12.207 3022 1080 - - 44,439 10970
320 17.432 3374 13.039 3227 1100 - - 45.108 11158
340 18.537 3588 13.874 3434 1120 - - 45.863 11345
360 19.640 3801 14,712 3641 1140 - = 46.612 11530
380 20.743 4015 15.552 3849 1160 T = 47.356 11714
400 21.846 4228 16.395 4057 1180 - - 48.095 11897
420 22.949 4441 17.241 4266 1200 - - 48.828 12078
440 24.054 4655 18.088 4476 1220 - - 49.555 12258
460 25.161 4869 18,938 4686 1240 = = 50.276 12436
480 26.272 5084 19.788 4896 1250 — = 50.633 12524

thermocouples Table I should not be used in conjunction with
European standard thermocouples. Instead the transfer function
given previously and a DIN thermocouple table should be used.
ANSI type K and DIN NICR-NI thermocouples are composed
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Figure 1. Basic Connection, Single Supply Operation

of identical alloys and exhibit similar behavior. The upper tem-
perature limits in Table I are those recommended for type J and
type K thermocouples by the majority of vendors.

REV. C

SINGLE AND DUAL SUPPLY CONNECTIONS

The AD594/AD595 is a completely self-contained thermocouple
conditioner. Using a single +5 V supply the interconnections
shown in Figure 1 will provide a direct output from a type J
thermocouple (AD594) or type K thermocouple (AD595) mea-
suring from 0°C to +300°C.

Any convenient supply voltage from +5 V to +30 V may be
used, with self-heating errors being minimized at lower supply
levels. In the single supply configuration the +5 V supply con-
nects to Pin 11 with the V- connection at Pin 7 strapped to
power and signal common at Pin 4. The thermocouple wire in-
puts connect to Pins 1 and 14 either directly from the measuring
point or through intervening connections of similar thermo-
couple wire type. When the alarm output at Pin 13 is not used it
should be connected to common or —V. The precalibrated feed-
back network at Pin 8 is tied to the output at Pin 9 to provide a
10 mV/°C nominal temperature transfer characteristic.

By using a wider ranging dual supply, as shown in Figure 2, the
AD594/AD595 can be interfaced to thermocouples measuring
both negative and extended positive temperatures.
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Figure 2. Dual Supply Operation

With a negative supply the output can indicate negative tem-
peratures and drive grounded loads or loads returned to positive
voltages. Increasing the positive supply from 5 V to 15 V ex-
tends the output voltage range well beyond the 750°C
temperature limit recommended for type ] thermocouples
(AD594) and the 1250°C for type K thermocouples (AD595).

Common-mode voltages on the thermocouple inputs must remain
within the common-mode range of the AD594/AD595, with a
return path provided for the bias currents. If the thermocouple
is not remotely grounded, then the dotted line connections in
Figures 1 and 2 are recommended. A resistor may be needed in
this connection to assure that common-mode voltages induced
in the thermocouple loop are not converted to normal mode.

THERMOCOUPLE CONNECTIONS

The isothermal terminating connections of a pair of thermo-
couple wires forms an effective reference junction. This junction
must be kept at the same temperature as the AD594/AD595 for
the internal cold junction compensation to be effective.

A method that provides for thermal equilibrium is the printed
circuit board connection layout illustrated in Figure 3.

U4
4 CONSTANTAN
(ALUMEL)

IRON
(CHROMEL)

COMMON

-T

V= Vour A

Figure 3. PCB Connections

Here the AD594/AD595 package temperature and circuit board
are thermally contacted in the copper printed circuit board
tracks under Pins 1 and 14. The reference junction is now com-
posed of a copper-constantan (or copper-alumel) connection
and copper-iron (or copper-chromel) connection, both of which
are at the same temperature as the AD594/AD595.

-

The printed circuit board layout shown also provides for place-
ment of optional alarm load resistors, recalibration resistors and
a compensation capacitor to limit bandwidth.

To ensure secure bonding the thermocouple wire should be
cleaned to remove oxidation prior to soldering. Noncorrosive
rosin flux is effective with iron, constantan, chromel and alumel
and the following solders: 95% tin-5% antimony, 95% tin-5%
silver or 90% tin-10% lead.

FUNCTIONAL DESCRIPTION

The AD594 behaves like two differential amplifiers. The out-
puts are summed and used to control a high gain amplifier, as
shown in Figure 4.

-IN -ALM +ALM V+ COMP VO FB
[14] [1s] [2] [a1] [w0] [o] [s]
OVERLOAD
DETECT )
s
AD594/AD595
+A
- W ice
= x P A—| POINT
l COMP. |-TC
+TC[
]
O 2 [ [0 [ [e] [z
+IN +C +T oM -T -C V-

Figure 4. AD594/AD595 Block Diagram

In normal operation the main amplifier output, at Pin 9, is con-
nected to the feedback network, at Pin 8. Thermocouple signals
applied to the floating input stage, at Pins 1 and 14, are ampli-
fied by gain G of the differential amplifier and are then further
amplified by gain A in the main amplifier. The output of the
main amplifier is fed back to a second differential stage in an in-
verting connection. The feedback signal is amplified by this
stage and is also applied to the main amplifier input through a
summing circuit. Because of the inversion, the amplifier causes
the feedback to be driven to reduce this difference signal to a
small value. The two differential amplifiers are made to match
and have identical gains, G. As a result, the feedback signal that
must be applied to the right-hand differential amplifier will pre-
cisely match the thermocouple input signal when the difference
signal has been reduced to zero. The feedback network is trim-
med so that the effective gain to the output, at Pins 8 and 9, re-
sults in a voltage of 10 mV/°C of thermocouple excitation.

In addition to the feedback signal, a cold junction compensation
voltage is applied to the right-hand differential amplifier. The
compensation is a differential voltage proportional to the Celsius
temperature of the AD594/AD595. This signal disturbs the dif-
ferential input so that the amplifier output must adjust to restore
the input to equal the applied thermocouple voltage.

The compensation is applied through the gain scaling resistors
so that its effect on the main output is also 10 mV/°C. As a
result, the compensation voltage adds to the effect of the ther-
mocouple voltage a signal directly proportional to the difference
between 0°C and the AD594/AD595 temperature. If the thermo-
couple reference junction is maintained at the AD594/AD595
temperature, the output of the AD594/AD595 will correspond
to the reading that would have been obtained from amplification
of a signal from a thermocouple referenced to an ice bath.
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The AD594/AD595 also includes an input open circuit detector
that switches on an alarm transistor. This transistor is actually a
current-limited output buffer, but can be used up to the limit as
a switch transistor for either pull-up or pull-down operation of
external alarms.

The ice point compensation network has voltages available with
positive and negative temperature coefficients. These voltages
may be used with external resistors to modify the ice point com-
pensation and recalibrate the AD594/AD595 as described in the
next column.

The feedback resistor is separately pinned out so that its value
can be padded with a series resistor, or replaced with an external
resistor between Pins 5 and 9. External availability of the feedback
resistor allows gain to be adjusted, and also permits the AD594/
AD595 to operate in a switching mode for setpoint operation.

CAUTIONS:

The temperature compensation terminals (+C and —C) at Pins 2
and 6 are provided to supply small calibration currents only. The
AD594/AD595 may be permanently damaged if they are
grounded or connected to a low impedance.

The AD594/AD595 is internally frequency compensated for feed-
back ratios (corresponding to normal signal gain) of 75 or more.
If a lower gain is desired, additional frequency compensation
should be added in the form of a 300 pF capacitor from Pin 10
to the output at Pin 9. As shown in Figure 5 an additional 0.01 UF
capacitor between Pins 10 and 11 is recommended.

AD594/

Figure 5. Low Gain Frequency Compensation

RECALIBRATION PRINCIPLES AND LIMITATIONS

The ice point compensation network of the AD594/AD595
produces a differential signal which is zero at 0°C and corre-
sponds to the output of an ice referenced thermocouple at the
temperature of the chip. The positive TC output of the circuit is
proportional to Kelvin temperature and appears as a voltage at
+T. It is possible to decrease this signal by loading it with a
resistor from +T to COM, or increase it with a pull-up resistor
from +T to the larger positive TC voltage at +C. Note that
adjustments to +T should be made by measuring the voltage which
tracks it at —-T. To avoid destabilizing the feedback amplifier the
measuring instrument should be isolated by a few thousand
ohms in series with the lead connected to -T.

T
com o:
-1

Figure 6. Decreased Sensitivity Adjustment

+IN
. AD594/
(19)-n  AD595

FB
[ Gyio

Changing the positive TC half of the differential output of the
compensation scheme shifts the zero point away from 0°C. The
zero can be restored by adjusting the current flow into the nega-
tive input of the feedback amplifier, the —T pin. A current into
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this terminal can be produced with a resistor between —C and
-T to balance an increase in +7T, or a resistor from -T to COM
to offset a decrease in +T.

If the compensation is adjusted substantially to accommodate a
different thermocouple type, its effect on the final output volt-
age will increase or decrease in proportion. To restore the
nominal output to 10 mV/°C the gain may be adjusted to match
the new compensation and thermocouple input characteristics.
When reducing the compensation the resistance between - T
and COM automatically increases the gain to within 0.5% of the
correct value. If a smaller gain is required, however, the nominal
47 kQ internal feedback resistor can be paralleled or replaced
with an external resistor.

Fine calibration adjustments will require temperature response
measurements of individual devices to assure accuracy. Major
reconfigurations for other thermocouple types can be achieved
without seriously compromising initial calibration accuracy, so
long as the procedure is done at a fixed temperature using the
factory calibration as a reference. It should be noted that inter-
mediate recalibration conditions may require the use of a
negative supply.

EXAMPLE: TYPE E RECALIBRATION—ADS594/AD595
Both the AD594 and AD595 can be configured to condition the
output of a type E (chromel-constantan) thermocouple. Tem-
perature characteristics of type E thermocouples differ less from
type J, than from type K, therefore the AD594 is preferred for
recalibration.

While maintaining the device at a constant temperature follow
the recalibration steps given here. First, measure the device
temperature by tying both inputs to common (or a selected
common-mode potential) and connecting FB to VO. The AD59%4
is now in the stand alone Celsius thermometer mode. For this
example assume the ambient is 24°C and the initial output VO
is 240 mV. Check the output at VO to verify that it corresponds
to the temperature of the device.

Next, measure the voltage —T at Pin 5 with a high impedance
DVM (capacitance should be isolated by a few thousand ohms
of resistance at the measured terminals). At 24°C the T voltage
will be about 8.3 mV. To adjust the compensation of an AD594
to a type E thermocouple a resistor, R1, should be connected
between +T and +C, Pins 2 and 3, to raise the voltage at -T by
the ratio of thermocouple sensitivities. The ratio for converting a
type J device to a type E characteristic is:

r(AD594) =(60.9 uVI°C)/(51.7 uVi°C)= 1.18

Thus, multiply the initial voltage measured at =T by r and ex-
perimentally determine the R1 value required to raise —T to that
level. For the example the new —T voltage should be about 9.8 mV.
The resistance value should be approximately 1.8 k2.

The zero differential point must now be shifted back to 0°C.
This is accomplished by multiplying the original output voltage
VO by r and adjusting the measured output voltage to this value
by experimentally adding a resistor, R2, between —C and -T,
Pins 5 and 6. The target output value in this case should be
about 283 mV. The resistance value of R2 should be approxi-
mately 240 kQ.

Finally, the gain must be recalibrated such that the output VO
indicates the device’s temperature once again. Do this by adding
a third resistor, R3, between FB and -T, Pins 8 and 5. VO should
now be back to the initial 240 mV reading, The resistance value
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of R3 should be approximately 280 kQ. The final connection
diagram is shown in Figure 7. An approximate verification of
the effectiveness of recalibration is to measure the differential
gain to the output. For type E it should be 164.2.

.o +IN com (4)
19

-IN +T
+C

AD594/
AD595

Lo
FB

AAA
VA

R3
Figure 7. Type E Recalibration

When implementing a similar recalibration procedure for the
AD595 the values for R1, R2, R3 and r will be approximately
650 Q, 84 kQ, 93 kQ and 1.51, respectively. Power consump-
tion will increase by about 50% when using the AD595 with
type E inputs.

Note that during this procedure it is crucial to maintain the
AD594/AD595 at a stable temperature because it is used as the
temperature reference. Contact with fingers or any tools not at
ambient temperature will quickly produce errors. Radiational
heating from a change in lighting or approach of a soldering iron
must also be guarded against.

USING TYPE T THERMOCOUPLES WITH THE AD595
Because of the similarity of thermal EMFs in the 0°C to +50°C
range between type K and type T thermocouples, the AD595
can be directly used with both types of inputs. Within this ambi-
ent temperature range the AD595 should exhibit no more than
an additional 0.2°C output calibration error when used with
type T inputs. The error arises because the ice point compensa-
tor is trimmed to type K characteristics at 25°C. To calculate
the AD595 output values over the recommended —200°C to
+350°C range for type T thermocouples, simply use the ANSI
thermocouple voltages referred to 0°C and the output equation
given on page 2 for the AD595. Because of the relatively large
nonlinearities associated with type T thermocouples the output
will deviate widely from the nominal 10 mV/°C. However, cold
junction compensation over the rated 0°C to +50°C ambient
will remain accurate.

STABILITY OVER TEMPERATURE

Each AD594/AD595 is tested for error over temperature with
the measuring thermocouple at 0°C. The combined effects of
cold junction compensation error, amplifier offset drift and gain
error determine the stability of the AD594/AD595 output over
the rated ambient temperature range. Figure 8 shows an AD594/
ADS595 drift error envelope. The slope of this figure has units
of °C/°C.

+0.6°C

DRIFT ERROR
o

TEMPERATURE OF AD594C/AD595C

Figure 8. Drift Error vs. Temperature

THERMAL ENVIRONMENT EFFECTS

The inherent low power dissipation of the AD594/AD595 and
the low thermal resistance of the package make self-heating
errors almost negligible. For example, in still air the chip to am-
bient thermal resistance is about 80°C/watt (for the D package).
At the nominal dissipation of 800 pW the self-heating in free air
is less than 0.065°C. Submerged in fluorinert liquid (unstirred)
the thermal resistance is about 40°C/watt, resulting in a self-
heating error of about 0.032°C.

SETPOINT CONTROLLER
The AD594/AD595 can readily be connected as a setpoint
controller as shown in Figure 9.

HEATER | LOW = > T < SETPOINT
l_:aj_|_‘_ DRIVER EET‘%EQ%%R%EOUT HIGH =>T > SETPOINT
CONSTANTAN —< SETPOINT
|HEATER (ALUMEL) +5V s VOLTAGE
=T =7 INPUT
I [ M [ l-qu M0
| | OVERLOAD 20MQ
| DETECT < (OPTIONAL)
| | AD594/ $ FOR
| ~ | AD595 i HYSTERESIS
ZY) o<l e
L ]I_i I 1 |.rc]come. j":
14 1R T T T o T
| (CHROMEL)
S o B, B o el
TEMPERATURE i COMMON
CONTROLLED ‘ ¢
REGION

Figure 9. Setpoint Controller

The thermocouple is used to sense the unknown temperature
and provide a thermal EMF to the input of the AD594/AD595.
The signal is cold junction compensated, amplified to 10 mV/C
and compared to an external setpoint voltage applied by the
user to the feedback at Pin 8. Table I lists the correspondence
between setpoint voltage and temperature, accounting for the
nonlinearity of the measurement thermocouple. If the setpoint
temperature range is within the operating range (-55°C to
+125°C) of the AD594/AD595, the chip can be used as the
transducer for the circuit by shorting the inputs together and
utilizing the nominal calibration of 10 mV/°C. This is the centi-
grade thermometer configuration as shown in Figure 13.

In operation if the setpoint voltage is above the voltage corre-
sponding to the temperature being measured the output swings
low to approximately zero volts. Conversely, when the tempera-
ture rises above the setpoint voltage the output switches to
the positive limit of about 4 volts with a +5 V supply. Figure
9 shows the setpoint comparator configuration complete with a
heater element driver circuit being controlled by the AD594/
AD595 toggled output. Hysteresis can be introduced by inject-
ing a current into the positive input of the feedback amplifier
when the output is toggled high. With an AD594 about 200 nA
into the +T terminal provides 1°C of hysteresis. When using a
single 5 V supply with an AD594, a 20 MQ resistor from Vg to
+T will supply the 200 nA of current when the output is forced
high (about 4 V). To widen the hysteresis band decrease the
resistance connected from VO to +T.
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ALARM CIRCUIT

In all applications of the AD594/AD595 the —~ALM connection,
Pin 13, should be constrained so that it is not more positive
than (V+) — 4 V. This can be most easily achieved by connect-
ing Pin 13 to either common at Pin 4 or V- at Pin 7. For most
applications that use the alarm signal, Pin 13 will be grounded
and the signal will be taken from +ALM on Pin 12. A typical
application is shown in Figure 10.

In this configuration the alarm transistor will be off in normal
operation and the 20 k pull up will cause the +ALM output on
Pin 12 to go high. If one or both of the thermocouple leads are
interrupted, the +ALM pin will be driven low. As shown in Fig-
ure 10 this signal is compatible with the input of a TTL gate
which can be used as a buffer and/or inverter.

[ { +5V
WS ALARM OUT T cA
TTL GATE
CONSTANTAN
(ALUMEL) D“
[ [7 [a GO G0 [s] (6] 10mvrG
AD594/
AN AD595
\ o<ty el
.__‘ +TC ]

I [ ]
IRON

LL(CHROMEL) [E2 |
e b _——

T

sIII
Va
¢ GND

Figure 10. Using the Alarm to Drive a TTL Gate
(*Grounded” Emitter Configuration)

Since the alarm is a high level output it may be used to directly
drive an LED or other indicator as shown in Figure 11.
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Figure 11. Alarm Directly Drives LED

A 270 Q series resistor will limit current in the LED to 10 mA,
but may be omitted since the alarm output transistor is current
limited at about 20 mA. The transistor, however, will operate in
a high dissipation mode and the temperature of the circuit will
rise well above ambient. Note that the cold junction compensa-
tion will be affected whenever the alarm circuit is activated. The
time required for the chip to return to ambient temperature will
depend on the power dissipation of the alarm circuit, the nature
of the thermal path to the environment and the alarm duration.
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The alarm can be used with both single and dual supplies. It
can be operated above or below ground. The collector and emit-
ter of the output transistor can be used in any normal switch
configuration. As an example a negative referenced load can be
driven from —ALM as shown in Figure 12.
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Figure 12. —ALM Driving A Negative Referenced Load

The collector (+ALM) should not be allowed to become more
positive than (V-) +36 V, however, it may be permitted to be
more positive than V+. The emitter voltage (-ALM) should be
constrained so that it does not become more positive than 4
volts below the V+ applied to the circuit.

Additionally, the AD594/AD595 can be configured to produce
an extreme upscale or downscale output in applications where
an extra signal line for an alarm is inappropriate. By tying either
of the thermocouple inputs to common most runaway control
conditions can be automatically avoided. A +IN to common
connection creates a downscale output if the thermocouple opens,
while connecting —-IN to common provides an upscale output.

CELSIUS THERMOMETER
The AD594/AD595 may be configured as a stand-alone Celsius
thermometer as shown in Figure 13.

—~ +5V TO +15V

_LI T’OUTPUT
[Ga] [5] [] [G7] ] [s] [ 10mVv/°C

AD594/
AD595

< GND

——< 0 TO-15V

Figure 13. AD594/AD595 as a Stand-Alone Celsius
Thermometer

Simply omit the thermocouple and connect the inputs (Pins 1
and 14) to common. The output now will reflect the compensa-
tion voltage and hence will indicate the AD594/AD595
temperature with a scale factor of 10 mV/°C. In this three termi-
nal, voltage output, temperature sensing mode, the AD594/
AD595 will operate over the full military —-55°C to +125°C tem-
perature range.
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THERMOCOUPLE BASICS

Thermocouples are economical and rugged; they have reason-
ably good long-term stability. Because of their small size, they
respond quickly and are good choices where fast response is im-
portant. They function over temperature ranges from cryogenics
to jet-engine exhaust and have reasonable linearity and accuracy.

Because the number of free electrons in a piece of metal de-
pends on both temperature and composition of the metal, two
pieces of dissimilar metal in isothermal and contact will exhibit
a potential difference that is a repeatable function of tempera-
ture, as shown in Figure 14. The resulting voltage depends on
the temperatures, T1 and T2, in a repeatable way.
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Figure 14. Thermocouple Voltage with 0°C Reference

Since the thermocouple is basically a differential rather than
absolute measuring device, a know reference temperature is
required for one of the junctions if the temperature of the other
is to be inferred from the output voltage. Thermocouples made
of specially selected materials have been exhaustively character-
ized in terms of voltage versus temperature compared to primary
temperature standards. Most notably the water-ice point of 0°C
is used for tables of standard thermocouple performance.

An alternative measurement technique, illustrated in Figure 15,
is used in most practical applications where accuracy requirements
do not warrant maintenance of primary standards. The reference
junction temperature is allowed to change with the environment
of the measurement system, but it is carefully measured by some
type of absolute thermometer, A measurement of the thermo-
couple voltage combined with a knowledge of the reference
temperature can be used to calculate the measurement junction
temperature. Usual practice, however, is to use a convenient
thermoelectric method to measure the reference temperature
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and to arrange its output voltage so that it corresponds to a ther-
mocouple referred to 0°C. This voltage is simply added to the
thermocouple voltage and the sum then corresponds to the stan-
dard voltage tabulated for an ice-point referenced thermocouple.
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Figure 15. Sybstitution of Measured Reference
Temperature for Ice Point Reference

The temperature sensitivity of silicon integrated circuit transis-
tors is quite predictable and repeatable. This sensitivity is
exploited in the AD594/AD595 to produce a temperature re-
lated voltage to compensate the reference of “cold” junction of a
thermocouple as shown in Figure 16.
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Figure 16. Connecting Isothermal Junctions

Since the compensation is at the reference junction temperature,
it 1s often convenient to form the reference “junction” by connect-
ing directly to the circuit wiring. So long as these connections
and the compensation are at the same temperature no error will

result.
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