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ABSTRACT

This study aims to develop an instrument for detecting the contamination of
metals that causes the deterioration of hydraulic oil. A Hall Effect sensor was applied
by adopting the method of a permanent magnet induction. When scrap metal
contaminated in hydraulic oil running through the magnetic field of the permanent
magnet, a change in the voltage output from the Hall Effect sensor could be observed.
This change would mainly depend on the different metal contamination in hydraulic
fluid. Moreover, a device that can easily be clamped to a hydraulic line and inspected
for metal contamination was designed as a part of measuring system to check and
display the hydraulic fluid conditions without having to shut off the engine for
inspection. Therefore, the developed system was the user-friendly instrument that can
be effectively used for measuring the metal contamination condition in the hydraulic

oil according to the objective of the study.
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furhifulensean ﬁﬂﬁﬁammwLLazquﬁﬂﬂszﬁw%ﬂnw

andeu: guvnigeonvhliwusuadniglutiiuleasednunnda Feilugnis
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dviseausugs visatliatnnladunieuen wWu gauunillagseunsensduRaiuLAdLAN
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D1AINARDUILANTNINAITYINIUVBITEUU
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Wou Geonnhludmadenanmly dsllanunsaiiaduldiliosainiifuluaiununitanie
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USauiilusesiugs viaillosmnmaiadeuimvesdiuuseneunelussuy
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2.3 Arduino [1]
Arduino  Wuunannesusnsaisuazaeanduwslomurasaniddvsuasiassuumay

aunsaidianunsetindg Usznaumeululasroulnsaass an nuindauniswau  wazaunsal

9 9

a L3

SunnLazlodATiviatnvany
lulnsroulnsaiaeifononfiunesuwadniiannsadlusunslisudunnain
Wuwes NS wagAIuALLEIRNe Wi Newmesuazli LED aninwindeunisiaufe
woUnaiadurendusAvelildarunsadeuldnluniwilusunsusing o Wy C++ uaz
sulnanludililasmoulnsaiaes
Arduino gnidagaunsvanglulasaniseng q saudaueud ssuudaludiRanglud
uazueUWAIATY Internet of Things (IoT) iufifleanilesanldaudne dunus uazninens

afuayuwazianaTsilegnning

2.3.1 Arduino Uno

Arduino Uno tugunuuianizaesunaniiesa Arduino #ldiuialudmsu
msafsduLuuLeglassmssuedisn Wuvesahilasaeulnsamesililulaseaulvsaians
ATrmega328 Fiinuasanusiuiay 32KB, SRAM 2KB way EEPROM 1KB

Arduino Uno fifiudunauagiendyndiuiuni o a1unsaldii o1d ousie
duges Leryiowes kavgunsaidy  uenantdsamauiilusinning suufmedn USB
dnsunilusunsuuazdeans uialidwsuingliniguen uardausm ICSP dwSudilusunsy
lulnsaeulnsataaslngmss faguil 2.1

Arduino Uno lefummdleuilosanaanuisuieuagainuannsnsousi
wazdinisldnuedraunsvatslulasanisdae 9 saufwueud ssuudaludfludiu wasuey
WALATY Internet of Things tWuleiu Arduino Integrated Development Environment (IDE) %
Heligldaunsadoulanlunwlusunsusng q uazdulnanludalulasraulnsames

AuFNUANANYBY Arduino Uno:

(1) lulasmeulnsaiass: ATmega328

(2) wsadulnlihildans: 5 v

(3) wsasulvidn (wugid): 7-12 v

@) wsssiullidn (3dm): 6-20 V

(5) W /O fdmea: 14 (lag 6 Tilednm PWM)

(6) MuBunakuUDzUIASN: 6

(7) n3zualwnssse 1/O Pin: 40 mA



(8) nszualwnssdImsuan 3.3 V : 50 mA

(9) yheAUsuNaY: 32 kB (1 0.5 kB T4lag Bootloader)
(10)SRAM: 2 kB

(11)EEPROM: 1 kB

(12)ansdyanauIi’nT: 16 MHz

(13)AU817 : 68.6 mm

(14)A1un218: 53.4 mm

(150wt : 25 ¢

sUfl 2.1 Arduino

2.3.2 Arduino IDE [2]

Arduino Integrated Development Environment (IDE) Wugevsuasueu
walatuiigaeligldanansadouldnluntuilusunsusng 9 Wy C++ uazdulvanludsuasn
lulasAaulnsalaos Arduino Arduino IDE W3aulgeudmsussuulfufinis Windows,
macOS wag Linux kagandulvanuwagldnulans

Arduino IDE fildsinsuudladenudmsuideulin reulmasidniuwia
Taadusuuuuiiannsaduuulilasnoulnsaaesld uasiaiosllodmiusnivanldnluds
lulasaoulnsaians uenniddsiflavs3idaiideulismiiondt ‘afed deanunse
uilvwagldlulasennslel fagui 2.2

Arduino IDE 1Jufifieslunyiieasinsiduuariienrdniilosananusouine
wazANAINNTATRUAIL dnstdiuagrsunivatelulasiniseing 9 saudsiueud spuy

SnludAlutu uazkoundiatu Internet of Things



Arduino IDE 1duldduvesalulasaoulnsaiass Arduino Ainainuane
5714 Arduino Uno, Arduino Mega ag Arduino Leonardo uenainil 8ssesiugunsal
meuenuasduesiivanuaterinunsldlavsiuagnineinsau o

Arduino Community fvunalvigjuaznszieIosu nieuniounastayaiay
nsatfuayuianvanemsesulatl Gesndaledy untiwaey warlusidndiuuslaegldse
Bu

Arduino IDE ansnsnvengliseauautiuagileiduiinfuiunislddu
veededlildauriuiiinnisdiuvesves IDE dmveremariansadiunssesiudniy

A lusunsulng wnanvlesuaniows uasnaauifou

File Edit Sketch Tools Help

sketch_feb24a

hoid setup() {
// put your setup code here, to run once:

}

void loop() {
// put your main code here, to run repeatedly:

}

sUfl 2.2 wthae Arduino IDE

2.4 Hall Effect \@usas [3]

\wuLwes Hall Effect iudumesussinnuilsilindnnng Hall Effect liloTnnsd
vidoldfiauuusivgn Hall Effect iWuusingnisaifiintudlednifisinssualniignanelily
auuusiwdn shliAeussulnihlusnimintunssualwihuazauuuiogn fgui 2.3

Wwuiwe$ Hall Effect gninanldfusgrsunsvanslunisldandivainuans saufenis
pradusiumts mInmaduanands waznmsnmadunseudlnii Wuidesnilesaindunum
AmnLdele uaveLaNTaTEUMY

wulwed Hall Effect TvategUnuunaraiunsnldii ensradunisfogves
AUNULNMAN TAAINRSIVOIAU Mo ruaTiavavesauLuiivan dnldluusus a1y

JUR LaRAHINNTIN



. Wacnelic i} -~

Fm = magnetic field
~— force on 8
posiwe chage
Carnegrs,

A=wd = Iz = eleclric force
" from charge

o bu'dup

* This diggram showss the polarily

| thal would resuit from posvi

charce carziers. asin some

Drection of conventional semiparduelois.

cleding cuncnt

U 2.3 nénnnsiduiwes Hall Effect

Tne Hall Effect L uusIngn13ai ARG wdl eanedaiid dnszualniioy Ty
aunauvan Sugndunuadusnlut we. 2422 Taedniand 1Sntu gead fdadanmdiudn
wsailsihgnadrsduuuinius q definssualyariusda i luauuisivgn

Hall Effect dnansaesuigladsannis (2.1) aelui:

Vi, = BIL (2.1)

Tnedi v, Aousadiu Hall, B Aemanuuswasauusiungn, | Aonssuaiiluariugu
uag L AsAINe1IUe9Ratn

159 Hall fadrsdulng Hall Effect (T udndiufunanuuseesaunuusmdnuay
NsvuaTilrarufIn LazazfaInNAURaNsE LALATEULLLMEN

fimsTaHall Effect TunmsTisnufivainvane saudeanisasadusiuns n1sasiadu
a1 waznsnradutagiiu Tasvaluagldludumesiifeniduses Hall-effect Fal4

Tunsasradunistinselifauiuliivian YnANULSY NIaANUARFNI

2.5 \wuwa3s Hall Effect 1B
A1301 uay A1302 101 1C Liuwes Hall-effect iugunsalflazadraussiuliigle
gmitlunstiluaumuinn uanduzud 2.4 Tnsgunsalvaniiiusafuerinnasi 50% ves
ussRunuvaadne Inedoniduwesidesnmsihunldanaihveserdnmassiliun 2.5
mV/G & m5U A1301 waz 1.3 mV/G dwsu A1302 [4]
29sievindBadiudasiulsznaudieaaasenad Audofuoundvieons way
Tassadatendinm CMOS Aana A fagufl 2.5 1159912995 Hall waziounavheioesuudus

LY I3

Wentianlayyiang q MAfeitesiudyguezunfonseaulswiumuaziiauwiugias [5]

LAY
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AuaudFmadvinly A1301 uag A1302 wanzegragadmsuldlussuunsiadu
AU ansiedeuvenne@adunaznisindsunivesdmvungwuungu wsngd sy

Nugnamnssulutigaumiinivens A —40°C 89 125°C

g‘l.l‘ﬁ 2.4 Hall Effect sensor A1301

Functional Block Diagram

Iooen W o 7, vy O Ve L/ boeweed. 1  \™ A
vee 1
L To all subcircuits ]
| i
| |
| 1
' X yvour
[ Amp 2 Ou :
| 4 I
| |
2 Iy : \ '
! Ga Offset I
ap | n = ;
Cayrass | | 1
| Trim I
| Contral |
| I
L e o oo o oo ) o e e e o e e e e e e e o - e —— e
GND
i

sUN 2.5 lnozinsun19inauves A1301

2.6 Precision Instrumentation Amplifier AD524 [6]

AD524 uweamavheeediadesiietrvunalngiifianuwiugFieenuuuandmsu
woundiadunisiiudeyaiifosnsauusiudiganeldannzmsiauiaiiedian s
mamamﬁimmﬁiwaamwmﬁuL%qm”uqq nsufiasirunsivas MsidenvuveILsItuaoN

Fnen wavdyaasuniuivinli AD524 wnzdmsuldluszuuiiudeyadiuiuunn uansly
U 2.6

—
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AD524 flusssiusanidnasvdiondnaioanin 25 pv/ °C, a3nsusaiuoaviindunm
tfounin 0.5 LV/°C, CMR ganin 90 dB Mdnsmeneuuuiennn (120 dB 71 G = 1000) wagen

AUl B dud9dn 0.003 % 91 G = 1 WBNINTOAINUA dc N LAALAULA AD524 £l

=

NARAUIWUUAIANT bASU 25MHZ (G = 1,000) Lﬁ@lﬁmmsﬁm%’mzwmﬂé’m%‘lﬂsﬁaga
AT AD524 TSnsmsiUAsuLUatediwad 5 V/us wazdfii 15us 89 0.01% Litels
larinls 1 s 100

Tugnuefifuneumaretoosiiauysal AD524 LiFeansdudszneuneuenla 4
dWSUSnTIvEeAifl 1, 10, 100 waz 1,000 d19SUNSAIRSATIVENEBY 9 SEnine 1 B
1,000 Sndudoslddiunuiissdiabes dunwn AD524 lasunistesiuedvauysaldmsu
fansdiauazdaidouludofionain Faguil 2.7

a

LoundrneLoasiasasiiata IC AD524 fdnesdudmiuamnuwiudiuasyrsgumndl
Msvauiuana1aiy 1nga "A" isendn, Insne3ivien "B uagaIsidn, na "C' Aidiaanu
Huidunssgeninagsumaud -25°C fis +85°C insn 'S" SuuseutssAvsnmaadorinun
Tuthsgauvgiifingns -55°C fa +125°C gunsaidlegluuiining DIP kaz SOIC wuuwsdin 16
fiu wazdndluuulsasnsia 20 4

(1) AD524 $uUszRuusITueoNdns n1saesusLTItueedn uay
é’igfg’lmiumw‘?wﬁm%’umﬂ%&ué’mwmaqaﬁmiue]"l

(2) AD524 Vistuanysaifefiudiaalusunsuld 1,10, 100 wag 1000 uaz
Fadumusienfifdusunsuladmiuinula 9

(3) mesiasevidnoordndunmuasiondneillidmsunisldauide
usiughgaunn uasifieanniswdsutdaussiuoenidalutonmnaiadu
YIUNUY

(@) AD524 lésunmstlestudunadwmiuideuladefismanavidlunindauas
Uniaes

(5) AD524 WuuddsT 25 MHz ManeUauamdanuiu? 75 kHz uagiaan

115 Ys Fe 0.01% vesdumou 20 V (G = 100)

31]‘17; 2.6 Signal amplifier AD524
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- INPUT (1)~ PROTECTION

(6) REFERENCE

+INPUT (2)~ PROTECTION

00500-001

Ul 2.7 laozunsunisviiauves AD524

2.7 OPOT [7]

wounwawreleesdmiunsaduau (op-amp) Wukeundrawesdiannseing

D.

giavilefldiumlulnaswayssuusig 9 uneumaneieasininesudeadnsiveness
oonuUUaiTEBAIuAnea AN s Tem sl szinsdaBune

sUnandUsznousuAnlasudsauenarnuleesAna T9UE18ANNLA AN
sEnINdyaIudunaLazanIloundu %ﬂﬂ%ULﬂule@QLLEJ&JWﬁ‘W’]ElLE)’e)i‘Gl’liJéJﬁyjmﬂmmﬁﬁwm
§aUE8ve9 op-amp ansnsanvadldlagldmfununsusniiielidelausuuy

soukandgniunldegrumsuaiglunisldanufivarnvats saufanisUszanana
Ty sEuumURu uaziasesiledn Wuidoudesnindanuesgs dygrasuniui uas
RRGTIIAIL INITER

OPO7 Hussiupemindunaiifinann (gegn 75 LV dwsu OPOTE) Alfinainnsen
uiafiszazukuled ussdulniheamidnsimnanilneildazadannududulunislune
ABuen wenani OPO7 faiinszualuneadunmin (x4 nA dwsu OPOTE) uazdnsve1eas
Waga (200 V/mV 1wy OPOTE) senidnsuazdns1venradngeinly OPO7 dusglow
otsBedmiunsldnueteioindnsuenogs faguil 2.8

PraussFuBunmnIedusin 13 V 13U CMRR g4 106 dB (OPOTE) wagBufiuaud
Sunmgslinuutiudrgslunsmmundnsasilindusinu anandudunsivondouuas
asusiugilunisfuannsasnulilduilusnsdnveiensdafigs anuadosvesnisaive

LazN1SNAINIaIMI N SUUTRUYRIg M T uEeAE Bl AULLUGMATAULATYTVRY
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OPO7 usfaziidnsvensge Wenwdudaszanaluazaisusnsinly OPO7 Wuanasgiu
gamvnssudmiunislinueiesiietn OPO7 flldendensnuszansninansg1u OPOTE
gnszydmnsunisiaulugae 0°C §a 70°C way OPO7C gnsvylurisgunad -40°C fis
+85°C OP07 Hogluufiainadiiend 8-lead PDIP waz 8-lead SOIC wuuwAy dmiuuiiaina

CERDIP uaz TO-99 Wasu 1A5§11 microcircuit drawing (SMD) fsgudt 2.9

sUii 2.8 0PO7

Ve O
’ é R2A! R2B1 I é)
- ‘0:,"&';“ o—b c1

RiAZ: | B 2riB |

¥ a7 Qs Qi1 af2
IL .
Qs }—4 Q3 ae 04 ' :
NONINVERTING o, R3¢ yozr T c2 Q17
INPUT 3 }\01 -%-RG
¥ya21 Koz %[ozs
INVERTING ,__ R4 Yoz Fau : Yoz yoz
INPUT N ¢ Qs
O O] @
V-0 :

E‘Uﬁ 2.9 1@@3LLﬂS§JU§E]ﬂﬂ’]§VT’N’msUEN OPO7

2.8 Microsoft Visual Studio [8]

Microsoft Visual Studio tUuanmiandennswamLLuusas (1DE) Aldlunisiaun
LoUnAlatudmiusEuUUURNS Windows wazunaslasudy 9 Uszneuselusunsuudly
forw aeslmiass uardtnunes masnautelesiiouazqdnuaizsng  dmunisaine ms
negeu wazn1sUsuldsonawIs

Visual Studio s95un1w1n19idsulusunsuiivainuates saude C++, CH way
Visual Basic wazaiusaldluniswaiuiwaUndndud msussuuduanis Windows
WuLReNU Android, i0S wazLIU

yndean sl Visual Studio dnifmunasndeuldelulusunsuudludoniy snduis
Tnexlmassifowdadldnlidusunuuiiamnsadonlivuneufiumesls aunsoldfvnines

Wiossywazuiludeianainlusia Visual Studio geiinTesilanazanautinivainvaie
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(%

ANTUNTNAABULALAUNLAR U AINUEIUITOLUNTAIANUTANDUABALTURDUNIULARTIAY

UsTYin Aagun 2.10

Visual Studio gnlgagaunsuaelastniaungeiuiiesnilioninauau s

=

o Y = s A a9 Y oa o = =
NIINAILATNITIINLUINULATDINBLLATLNAANDIND Y 9 NGLV‘Uiﬂ']{LuEuG’]'N i 5']1]0\‘1214‘1/\5

'
1 I

dmsuiniauusaALLAETUTIATEUARUUINTUAMTUTINTAILI09ANS

Manage your
Azure resources

Add controls )/
to your UL

9

Manage files,
projects, and
solutions

Collaborate on
code projects
with your team

;s‘l.l‘ﬁ 2.10 %1"#19 Microsoft Visual Studio Code

AUFNUANANYBY Microsoft Visual Studio:

(1)

(2)

(3)

@

(5)

(6)

()

(8)

58UUUUANII 5895U; Windows 7, 8.1 waz 10; Windows Server
2012 R2 uazlminia
AUTUATUNTDITU: C++, CH, F#, Visual Basic, Python wazdu
wnanesufisessu: Windows, Android, i0S, 13U, Azure WaEdY
TUsunsuunletanan: nmsiduleansal nasdulan nsUsulaseasig
Tl Lazdu 9
[ 1% a wa ] U 3

roulniaes: AoulwalaalusUuuuufuAnmsdmsuunanesudmineg
AvNNOS: aug Il nWaussywazuilutoidanainluldn aqe
AaNURANg 9 WU wsnwewd MsAtniaztuney LazN1INTINEBUAD

[
audn
\AIvslanegau: sy bilnwauasawazsenldnsageudmsy
1ARYBINU TILTINITNAROUNUIY NTNAABUNITIIN LazdU 9

LY « IS s . .
NNTNENUTINNULATDILBLATLNARNDTUDU 9 : Visual Studio N&1U5U

AulAsesllalazinanWosuAvaINay Wy Azure, GitHub wagdu 9
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(9) Juiifidmune: Visual Studio fl¥iAonwategu s9uds Visual Studio
Community (WS w3uiiniimunsigyaaa), Visual Studio Professional

wag Visual Studio Enterprise (fMSUfINWRILNTZAUDIANS)

2.9 Microsoft Excel

Excel \unildulusunsuiiogiudaunniignifaununain Microsoft fieglun
Microsoft Office Ing Excel 1Hulusunsy Afaaluzesweimsdnuiiieadesiufy
fian waziidedie annsnauardnguiuuresnduzuuuuing 9 aunsaaiisenansd
fnsdunuazannsadestesiuges uarannsadnifudeyaldundmdnuauuniuslsiiu

au wenanfifaanunsoasansunauslugdsuusing 9 Tugusuuveansmildvainvane

=

sUsuulidzlunsi@adu 2enan kayvan Feawmnsavinlivisguiuy 2 87 wae 3 I3

q

N A

Microsoft Excel 1Junaundipguaiusndnii wamualay Microsoft 4 wludiuni ey

FaNALISINUSTLANS AMNN159171971 Microsoft Office Itiladnszidsu Atas1e9 wazdnuiu

al

fFoyalusuuuuiiilaseaine 15y msaseumsng fegud 2.11

Excel Faeliiildarnsaadianazuilvausadnd sUsznousguniuazaod i
aunsadiusziantoyasiig 9 sIuneaY oA wargns guseing 9 lunisawiudeya
Tuasadn WU NSUIN NNSAU MNITANAEE Wardu 9

Excel §afliaTnailouazilinasnuiedimsunsuananinuazisizideya 9y
unugf A1374 Pivot Wagdanas 1 esitowmandanunsaldiiessyuualiiy sUuuy way
Anudiusludaya

Excel gnldogrsumsvanglumarnvanggnamnssuuaziduiidoudesninainy
slunUszasRazAmEaNnsaluns AT IERAnsang 1 wieuldsud sy Windows, macOs

waraaulall

U 2.11 nifsinslusunsu Microsoft Excel
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2.10 WAIDINUWEULR

'
aa ]

W30 3 TAfaIAT0dnsldnIszuIuNIsSENIINITHARL UL TanL e

1 a

aiainganudilagnisinatuvesiagsaiieaiy Wy waradn lavie wselysdin

g '
0 Y aa v A4 1

wsesiiu 3 SavihaulagvinuyemdRdraniteniuuudiaemiseniseaniuy 3

=

R FavgszygUarauavesingNasiiud insesiiuiazauduuzdivartuazidouidn
Wsean3aluseu  wiedniaglilusunisiidesnts afeingiiasdu degui 2.12
wsesiiu 3 SAgnldluvainvanegravnssy SIUTINIHEN N15EBNLUY FAINTIYU

¥/ ¥ 1

uazAauy W'JﬂLSU'{Lﬁ’%JUﬂ']’]iJﬁEJZJLﬁ@ﬂ"\]’]ﬂﬂ']'lllﬂ’m'ﬁﬁi‘liﬂ’]3N§W$@ﬂﬁ“ﬁlll“lj®u1@@EJ’NTJ@L%']

9

= a a =

wazdiuszdnsnin wazwanwddnanmlun1sufiiionseonuuulasNannNEn o
P a ¢ aa v A & ] ] < |
fAseaiun 3 Thinansussanlnidien awasunanyevauiaiansialidune W
UAUATRIANTVUIN IR TEAURAAMNTTU WInldTananvatey saudananain lane

wazlwsIdn wagninlaNITaran g nlvuInwazsUs1RaINae

4 Y

5

LK
I:i--ﬁb—ﬂ”‘

k A
= “‘l!

MakerBot

MakerBot Replicator

6

SUN 2.12 \aSeanian 3 4R

JG Aurora A5 WueSesfinnt 3 SRszaunanafiosnuuuindmsuldlutunay
g3ivwundn duTuaaufiusivuinlug (300 x 300 x 330 wy.) FegUil 2.13 Gegaels
annsafiuiinguunalnguls wariuiuhanufounszamuauifuiussduuriudaluda
dieliwdlainnufinieradinauonazusug

JG Aurora A5 ldwaluladnisiun 3 67 19dule Tanunenuiiazsn

=

wanafnyvaeNiaINwidaieadsinafiaztu Wnulanuiduleonie 9 1wy ABS, PLA,

9

PETG wagdu 9
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JG Aurora A5 muauudumesimaiildnuieuazdiuldturenduainng
a¥1auuushans 3 dRfvannviane sauds Simplify3D, Cura way Repetier-Host a@unsadels
nsoouladuagsiumunudminedldsueyaan

sreavidunfisifiuieniu JG Aurora AS:

(1) walulaBnnsfiat: nsfant 3 GaTlHEle
(2) USunaun1sa3ng: 300 x 300 x 330 1y
(3) AuLiuglunITANA: 0.1-0.4mm
(4) duruaudnasidn: 0.4 uy
(5) Usznmidulefisesiu: ABS, PLA, PETG, 137 uagdu 1
(6) 9aunniliFgagagn: 110°C
(7) aandalunisind: 20-100 1iu/Aui
(8) nsilewste: USB, N3 SD
(9) anuiulivesszuuUuiinag: Windows, macOS, Linux
JG Aurora A5 1uta3esant 3 SAszdunariioonuuusndmiulflutuuasgsia

AN JUsanuiuivualngwasgiuvhanudou daihbimmnedmiunisfiaiingsig

'
v = -

9 SAIDIAULVY WULDIa0Y kagingou 9 Tdonudetagidinulanuduleussianang 9 dei

q

aa

T dududeniivainuaisuazdaveudmsunisian 3 I8

3D-PRINTER

6§

UM 2.13 \ATesfiun 3306 U jsaurora a5

2.11 laleatUaauasdunsd [9]
Inloawawuasduvsd (OLED) uwmaluladnisuaninauszunvvilafildiandun3e
WioKERLAY 980 OLED fanuuns dmdniun wastiangu waziinisldnuegiaunsvangly

wonndntuiivainuans saudausnlny i3 wazaunsaldianvsednddu o
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JouanIHa OLED Usenauaiuantuiandun3duns q nusenussninetnliinas st

daldnszualuihiudidninge a1sdunsdazilasiatannun F9ldas1anmuLIBLanINg M

a

Un 2.14

900 OLED fifefnaneuszmamilessnmusziamdu leun smsrdmnounsna
39 Srmmslssiisnd spmesan e waenslindnush Redunauasuind
euansnaUszndy 9 Javnzdmsultlugunsalnam

JouanaNa OLED fivanguszinn taun Passive Matrix OLED (PMOLED) wa
Active Matrix OLED (AMOLED) 98uansna PMOLED tudeniuasdsuyumsnaniignniy
LRI FlsuitniuazaNazLBaaninInasuanINa AMOLED Tumenduiu qeuandsa
AMOLED fisiamumsndtlunisudn uslinnuazidongenituaysasinisiimlsyiiiani

yndesmsldasuanina OLED fuuesn Arduino Anazdediloureasuaniua
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Hall effect sensor
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Mass Voltage (V)

(@ 000 1.00 2.00 300 4.00 5.00
0.00 094 094 094 094 094 0914
020 094 0.99 1.00 099 100 1.00
0.40 094 102 102 102 1.02 1.02
0.60 094 104 105 1.04 1.05 1.04
0.80 094 110 112 1.11 112 1.11
1.00 094 114 114 115 1.14 1.14
1.20 094 116 117 1.16 1.16 1.17
1.40 094 121 1.20 1.20 1.20 122
1.60 094 130 131 133 132 1.34
1.80 094 138 141 142 141 1.42
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The relationship between the output voltage of the Hall effect

sensor and the metal particles
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The graph shows the increase in voltage when clamping the
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The graph shows the increase in voltage with flow at point P.
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The graph shows the increase in'voltage with flow at peint A.
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The graph shows the increase in voltage with-flow at point B.
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A13197 4.6 AudLUS eIk TUe RN vLdues Hall Effect waveunialaneiian P
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a5 085=migdl TO82 1033
5.0 1035 1033 1035 1034

Average output (mV)

25 3.0

Mass per volume (g/L)

3.5

4.0

4.5 5.0

JUN 4.10 ANUALTUS TN IANG VOIS Hall Effect uazeunalaneiign P

A1519% 4.7 ANUANTLSSE IR YD LdUes Hall Effect wavounAlanziyn A

A Output (mV)
Gram/Liter 1st  2nd  3rd Average

25 1046 1048 1048 1047
3.0 1046 1048 1051 1049
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4.0 1057 1060 1066 1061
4.5 1069 1069 1072 1070
5.0 1071 1070 1071 1071
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1090
1080
1070
1060
1050
1040
1030

Voltage (mV)

B Output (mV)
Gram/Liter Ist  2nd  3rd  Average
2.5 1059 1059 1058 @ 1059
3.0 1060 1060 1064 - 1061
31" 1072 1066 1065 1068
4.0 1078 1074 1072 1075
4.5 1078 1078 1080 1079
5.0 1081 1082 1082 1082

25

Averageoutput (mV)

P——/I’l

3.0

Mass per volume (g/L)

3.5

4.0

4.5 5.0
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AMANUIN 1.

lulasmaulnsatansuazlusunsunlgau

n.1 alensldeuvesalulasaaulnsaiass Arduino UNO

Wuvesa Arduino Juusniieanut Jaurnussuna 68.6x53.4mm tduuein

wwnsgrundenldinunndan Weswmndusuaiivanzdmsunisisuduieus Arduino uasdl

Shields Tidanldaulauinnitvesa Arduino Judu 9 fisaniuuranizuInni Inguese

Arduino Uno lafinsimiunsesun aaus R2 R3 wagiugesiiudsudulediduwuu SMD

Analog - A0
Analog - A1
Analog - A2
Analog - A3
Analog - A4
Analog - AS

n.1.1 Pin OUT 989 Arduino UNO

Toyadnnig
Fuledlulasnoulnsians

T sanuluiin
soa5umsTneuseulni Fuuzii)
sos5unsTneusssuliih @dda)
Wosa Digital I/O

Wasn Analog Input

nsealnelaluwsaznase

ATmega328

5V

7 - 12V

6 — 20V

14 wasn (3 6 wosn PWM output)
6 WO

40mA



a7

nszualniianelalunedn 3.3V 50mA
fuilusunsuniely 32KB fudilusunsy, 5008 14lae Booloader
Nufiusy 2KB

'
] 1

NUNNUIBAINI0135 (EEPROM) 1KB

ANAASada 16MHz
YUIA 68.6x53.4 mm
Swiiin 25 NSy

1 v

n.2 gllan15l491u OLED 12C

luna OLED #lsdenumaasdldesiut dvwin 1.3" (Fanuiduniesyy) dai1u
avidan 128x64 Ainwa dru1souannalawuudifies Sdiodndussnunan wasldusaiuln
= v g & o v o %Y v Ay !
e +3.3 V a - asvunadnduvanydmsuihluldivssuvaneanailsin Adesnsdiunaniang
nyfinuuiundnin nelulugasedigy SH1106 WWudmuaumsinny asnsaideunawuy
aunsulagldda SPI (Serial Peripheral Interface) 38 12C 91A89N1TUAAIUBAINUILA DT
¥ ¢ v o 1 (Y = Y 4 a <
ToyavesnousdItnys uriazda devvddnvasidudoyaniwuuudauuiiivlily

NUIBAIINA

N GND
W VCC
W SCL
MW SDA

N.2.1 Pin out OLED [2C

€I\Iy Ground connection for the module. Connect to the GND pin of the ESP32 Devkit.
@@ Provides power for the module. Connect to the 3.3V pin of the ESP32 Devkit.



S{@H Serial Clock pin. Used for providing clock pulse for I2C Communication.
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SB/A Serial Data pin. Used for transferring Data through [12C communication.

1.3 YUNDUNSLY91U Arduino IDE

1. Sunlglusunsusieniseullananiilanou Arduino.exe TUANLAUINRAS

o
Y

TUswnsulsy

1 v

2. AIAIUBSAMARTINUN LTI UTINN1THIANDEAEAU 4 S18n15A9Y

File Edit Sketch Tools Help

Blink §

3. A9

Y

1) fiavesuasa Arduino Nldau (Masveusaag)

#IN

2) ¥inualnsiwdLEos LaaN RS N ULNS A0S YaIUasA (UBSAUNY

¥ialinesdaniiosandlduieauasinen)

3) ARUNDTHNNAWUDUAD LADNLMRSINUNUBTA Arduino AaY
ﬂl 1 .

\Wwauee (A1 Device manager)

a) yinvonnsodusuasy @on AVRISP

Auto Format Ctrl+T

Archive Sketch

Fix Encoding & Reload

Serial Monitor Ctrl+Shift+M |
Serial Plotter el |

WiFi101 Firmware Updater |

Board: "Arduino Nano" ™" gl
Processor: "ATmega328" 4!
Port: "COM4" 2
Get Board Info .
Programmer: “AVRISP- mkI[* £> |

Burn Bootloader

n.3.1 1denky Tools

naaINNTABNlNaHIY 1IR3y

Alulusunsy Arduino IDE Tiuanssunyavaslidnisnaies (HEX file)



File ketch Tools Help &3
i
' Open...
. Open Recent
' Sketchbook
! A
s Examples > |{
i Clo== LEEW setup code here, to run once:
l Save Ctrl+S
' Save As... Ctrl+Shift+S
. Page Setup  Ctrl
. Print
v
Preferences +Comma 2 5
main code here, to run repeatedly:
Quit Ctrl+Q
=
N.3.2 W@y Preferences
adl & 9
4. AANLADALLAAINANG 3 i’]EJﬂ'IiGNE'U
Preferences A E
CJd
Settings  Network
| sketchbook location:
rC:VJsers\QggPrappas‘Dogupeptswd{;‘aé a2V . 4 o j N | \l ngse
Editor language:
Editor font size:
[] Enable Code Folding
[ Verify code after upload
=
1.3.3 La@ﬂLiJléﬂ’ﬁLLﬁﬂ\iNa
a = = v o 1
5. Weulusunsuusotsonltaulusunsufiegis
@ sketch_nov13a | Arduino 1816 - a X
File Edit Sketch Tools Help Fo)
New  lGuN G
Sketchbook gl Lo
Examples |
=
SaveAs..  CtisShifteS zz:w {‘::MQ""
PageSetup  CtrieShifteP 04.Communication i DigitalReadSenal
Pink Cuop oy I 2 |
ontemnces CotoComma | 08Semon tedivuiiobice
07.Display
o o0 08.trings
e
11 ArduinolSP
P :
Ethemet
Firmata
LiquidCrystal
=

Temboo >
w
wiFi

n.3.3 1deniy Blink



6. AdnUY Verify n519@aunugnaesvaslaniiliey
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@ Blink | Arduino 1.8.16

File Edit Sketch Tools Help

-~ S —— -4 £ £
I DS Se 0 -
| =
{ ity e \ £ ]
7 18 4 = i) 0& ] n _¥3 =
& £ Ddorg 1n GA ey i
b i L Lo KNOR 2 RIRWENR/NG
)
1 L iC tThe | Ta L Spets T 0
L1 nttpaey Aw.alSlano /Co/ o/ Malay/ el O <
13 nodl Eae gL ba A 0L

n.3.4 1aaniY Verify

7. aandu Upload asuesa (nsildouasnasy)

@ Blink | Arduino 1.8.16
File Edit Sketch Tools Help

A
{ S |

(7]

n.3.4 158Ny Upload
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1. Open your Arduino IDE and go to Sketch > Include Library > Manage

Libraries. The Library Manager should open.

2. Type “SSD1306” in the search box and install the SSD1306 library from

Adafruit.

@ Library Manager

Type |Al + | Topic |All v | |ssd1306

ACROBOTIC S5D1306 by ACROBOTIC

128x64 displays; includes support for the ESP8266 SoC!
More info

Library for SSD1306-powered OLED 128x64 displays! This is a library for displaying text and images in S5D1306-powered OLED

Adafruit SSD1306 by Adafruit Version 1.2.9 INSTALLED

and 128x32 displays
More info

[Select version | *insial._

55D1206 oled driver library for monochrome 128x64 and 128x32 displays SSD1306 oled driver library for monochrome 128x64

Adafruit SSD1306 Wemos Mini OLED &y Adafruit + mecauser

support the 64x48 display by mcauser.
More info.

S5D1306 oled driver library for Wemos D1 Mini OLED shield This is based on the Adafruit library, vith additional code added to

ESP8266 and ESP32 Oled Driver for 55D1306 display b, Daniel Eichhorn, Fabrice Weinberg

to an ESP8266 or ESP32

A 12C display driver for SSD1306 oled displays connected to an ESP8266 or ESP32 A 12C display driver for S55D1306 oled displays

Close |

n.4.1 anlnan Library

3. After installing the SSD1306 library from Adafruit, type “GFX” in the search

box and install the library.

@ Library Manager

-5 (21

Type Al ) Topic Aif_ 3

Adafruit GFX Library by Adafruit Version 1.4.13 INSTALLED

addition to the display library for your hardvare.
More info

LSelecAt:/grisigni v Ins Bt

Adafruit GFX graphics core library, this is the 'core’ class that all our other graphics libraries derive from. Install this library in

Adafruit ImageReader Library &, Adafruit

library for your hardvare (e.g. Adafruit_ILI9341).
More info

Companion library for Adafruit_GFX to load images from SD card. Install this library in addition to Adafruit_GFX and the display

Adafruit NeoMatrix by Adafruit
dafrui library for ixel grids Adafruit_GFX-compatible library for NeoPixel grids

More info

GFX4d by 4D Systems Pty Ltd

modules using the Arduino IDE or Workshop4 IDE. gen4-IoD is powered by the ESP8266.
| More info

Graphics Library for the gend-IoD by 4D Systems This is 3 library which enables graphics to be easily added to the gend-IoD

Close

n.4.1 vinn15An@a Library

4. After installing the libraries, restart your Arduino IDE.
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n.5 TUswnsy Visual Studio

™

Microsoft®

Visual Studio

n.5.1 1Uskns4 Visual Studio

Visual Studio (3waaaniile) e TusunsuiaugenduIfideliinimmause
asesruuLazwennATuiamnsalsnaudunauianesly anzegreddnsunsTdauiu
A lUswNsH VB uas VB.NET 1l osarnwmualag Microsoft it aleivienus iy Visual
Studio épgnesudu Wsunsumesansaasessuutaniuladlamainnanslagldinieile

Al uTUsunsy

n.6 TUsunsu Google SketchUp

Y SketchUp

n.6.1 1Usunsu SketchUp

SketchUp Aalusunsudmsveenwuuling 3 AAfldSuanufovsgaunndmsu
nsasandnenssy Imnssy mIanudeniely lWaudsnisesniuundndmueiaie 9 gn
WaunTuanust elast Software Tugasd 2000 sieliauiluanusadndnisardluma
3 AflFeTy Siadduiiugiue 4 asudau wifAunsnensedesreudredon vinld

TWsunsuilgndunduegranndsusivrsusniiidafanuagaanveanisldaulsunsy
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a

pananilaluimen1ves Google 7

[
&

Engine §n¥lungidevinn19id1¥aian15999 @Last Software wiouinswaunilendulu o

noutiulavinN1IWAIUT Google Earth 88 Mn9UTEM Search

v A

Wudwawnn Tngmgdddyfeniseulnanlumanairsluldsuiu Google Earth

.7 TUswnsu Ultimate CURA

curd.

n.7.1 Wswnsy Ultimate CURA

TUsunsy Cura tu dodulusunsy Slicer sandiaudiile wazldiuagianivane
wztdulUsunsy Nanunsa Download uldsle Taglufaednetuies dalusunsy Cura T

9] ' ) Y O kA a o - = & a Y a
QﬂWWU’]NW@UWQW@Lu@Q L"U’]GU@QI‘UiLLﬂill Cura U AABUTYN Ultimaker %QLUUU?HW%N@@

3D Printer 51819 UsELnALULEDS AR



AMARNUIN V.

Programming Code

.1 Yagan1w VB.Net Tunsideululusunsa Visual Studio
Imports System.|O.Ports
Imports Excel = Microsoft.Office.Interop.Excel

Public Class Form1

Private stopwatch As New Diagnostics.Stopwatch
Dim _sec, min As String

Dim Old, Ant, Bee, Cat, Dog As String

Dim AntL, Beel, CatL, DoglL As Integer

Dim Limit As Integer = 11

Private Sub Form1 Load(sender As Object, e As EventArgs) Handles MyBase.Load
Me.CenterToScreen()
ButtonConnect.Enabled = False
ButtonRecord.Enabled = False
PictureBoxBadQuality.Visible = False

PictureBoxGreenn.Visible = False

Fori =0 To 30 Step 1
Chart1.Series("Series1").Points. AddXY("00:00", 0)
If Chart1.Series("Series1").Points.Count = Limit Then
Chart1.Series("Series1").Points.RemoveAt(0)
End If

Chart1.Series("Series2").Points.AddY(0)

If Chart1.Series("Series2").Points.Count = Limit Then
Chart1.Series("Series2").Points.RemoveAt(0)

End If
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Chart1.Series("Series3").Points. AddY(0)
If Chart1.Series("Series3").Points.Count = Limit Then
Chart1.Series("Series3").Points.RemoveAt(0)
End If
Chart2.Series("Series1").Points. AddXY("00:00", 0)
If Chart2.Series("Series1").Points.Count = Limit Then
Chart2.Series("Series1").Points.RemoveAt(0)
End If
Next
DoubleBuffer.DoubleBuffered(DataGridView1, True)
ComboBoxBaudRate.Text = "9600"
End Sub

Private Sub ButtonScanPort Click(sender As Object, e As EventArgs) Handles
ButtonScanPort.Click
ComboBoxPort.ltems.Clear()
Dim myPort As Array
Dim i As Integer
myPort = |0.Ports.SerialPort.GetPortNames()
ComboBoxPort.ltems.AddRange(myPort)
i = ComboBoxPort.Items.Count
i=1i-1
Try
ComboBoxPort.Selectedindex = i
ButtonConnect.Enabled = True
Catch ex As Exception
MsgBox("COM-PORT not Detected", MsgBoxStyle.Critical, "Warning II")
ComboBoxPort.Text = ™
ComboBoxPort.ltems.Clear()
ButtonConnect.Enabled = False

ButtonRecord.Enabled = False
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Return

End Try

ComboBoxPort.DroppedDown = True
End Sub

Private Sub ButtonConnect Click(sender As Object, e As EventArgs) Handles

ButtonConnect.Click

Chart1.Series("Series1").Points.Clear()

Chart2.Series("Series1").Points.Clear()

If ButtonConnect.Text = "CONNECT" Then

Try

SerialPortArduino.PortName = ComboBoxPort. Text
SerialPortArduino.BaudRate = ComboBoxBaudRate. Text
SerialPortArduino.Open()

TextBoxThreshold.Enabled = False
DataGridView1.Rows.Clear()

Fori=0To 30 Step 1
Chartl.Series("Series4").Points.AddY(TextBoxThreshold.Text)
If Chart1.Series("Seriesd4").Points.Count = 150 Then
Chart1.Series("Series4").Points.RemoveAt(0)
End If
Chart2.Series("Series2").Points.AddY(TextBoxThreshold. Text)
If Chart2.Series("Series2").Points.Count = 150 Then
Chart2.Series("Series2").Points.RemoveAt(0)
End If
Next

TimerSerialPort.Stop()
ButtonConnect. Text = "DISCONNECT"
ButtonRecord.Enabled = True
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LabelConnect.Text = "Status : Connected"
ButtonScanPort.Enabled = False
ComboBoxPort.Enabled = False
ComboBoxBaudRate.Enabled = False

Catch ex As Exception
MsgBox("Failed to open Port. Ensure that Arduino is connected to the

computer correctly and that you have selected the correct port." & vbCrLf & "Error
Message : " & ex.Message, MsgBoxStyle.Critical, "Error III")
End Try
Else

Try
TimerSerialPort.Stop()
Threading.Thread.Sleep(1000)
SerialPortArduino.Close()
Threading.Thread.Sleep(1000)
ButtonConnect.Text = "CONNECT"
ButtonRecord.Enabled = False
LabelConnect.Text = "Status : Disconnected"
ButtonScanPort.Enabled = True
ButtonRecord.Enabled = False
ComboBoxPort.Enabled = True
ComboBoxBaudRate.Enabled = True
TextBoxThreshold.Enabled = True

Fori=0To 30 Step 1
Chart1.Series("Series4").Points.RemoveAt(0)
Chart2.Series("Series2").Points.RemoveAt(1)

Next

Fori=0To 30 Step 1
Chart1.Series("Series1").Points. AddXY(0)
If Chartl.Series("Series1").Points.Count = Limit Then
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Chartl.Series("Series1").Points.RemoveAt(0)
End If

Chart1.Series("Series2").Points.AddY(0)

If Chart1.Series("Series2").Points.Count = Limit Then
Chart1.Series("Series2").Points.RemoveAt(0)

End If

Chart1.Series("Series3").Points.AddY(0)

If Chartl.Series("Series3").Points.Count = Limit Then
Chart1.Series("Series3").Points.RemoveAt(0)

End If

Chart2.Series("Series1").Points.AddXY(0)
If Chart2.Series("Series1").Points.Count = Limit Then
Chart2.Series("Series1").Points.RemoveAt(0)
End If
Next
Catch ex As Exception
End Try
End If
End Sub

Private Sub ButtonRecord Click(sender As Object, e As EventArgs) Handles
ButtonRecord.Click
If ButtonRecord.Text = "Start Recording" Then
ButtonRecord.Text = "Stop Recording"
PictureBoxGreenn.Visible = True
DataGridView1.Rows.Clear()
Label7.Text = "Recording..."
Chart1.Series("Series1").Points.Clear()
Chart1.Series("Series2").Points.Clear()



Chart1.Series("Series3").Points.Clear()
Chart2.Series("Series1").Points.Clear()
ButtonConnect.Enabled = False
ButtonSaveToExcel.Enabled = False
ButtonClear.Enabled = False
TimerSerialPort.Start()
stopwatch.Start()

Else
ButtonRecord.Text = "Start Recording"
ButtonConnect.Enabled = True
ButtonSaveToExcel.Enabled = True
ButtonClear.Enabled = True
PictureBoxGreenn.Visible = False
Label7.Text = "Record"
stopwatch.Reset()
stopwatch.Stop()
LabelTime.Text = "00:00"
TimerSerialPort.Stop()

End If

End Sub

Private Sub ButtonClear Click(sender As Object, e As EventArgs) Handles
ButtonClear.Click
Fori=0To 30 Step 1
Chartl.Series("Series1").Points. AddXY("00:00", 0)
If Chart1.Series("Series1").Points.Count = Limit Then
Chart1.Series("Series1").Points.RemoveAt(0)
End If

Chartl.Series("Series2").Points.AddY(0)
If Chartl.Series("Series2").Points.Count = Limit Then
Chart1.Series("Series2").Points.RemoveAt(0)

59



60

End If

Chart1.Series("Series3").Points. AddY(0)

If Chart1.Series("Series3").Points.Count = Limit Then
Chart1.Series("Series3").Points.RemoveAt(0)

End If

Chart2.Series("Series1").Points. AddXY("00:00", 0)
If Chart2.Series("Series1").Points.Count = Limit Then
Chart2.Series("Series1").Paints.RemoveAt(0)
End If
Next
DataGridView1.Rows.Clear()
End Sub

Private Sub ButtonSaveToExcel Click(sender As Object, e As EventArgs) Handles
ButtonSaveToExcel.Click
ButtonSaveToExcel. Text = "Please Wait..."
ButtonSaveToExcel.Enabled = False
ButtonRecord.Enabled = False
ProgressBarProcess.Visible = True
Try
If DataGridView1.Rows.Count > 0 Then
Dim filename As String = ™
Dim SV As SaveFileDialog = New SaveFileDialog()
SV.Filter = "EXCEL FILES[*.xlsx;*.x(s"

Dim result As DialogResult = SV.ShowDialog()

If result = DialogResult.OK Then
Me.Text = "Monitoring Heart Rate (Saving to Excel. Please wait...)"

ProgressBarProcess.Visible = True
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ProgressBarProcess.Value = 2

filename = SV.FileName

Dim multiselect As Boolean = DataGridView1.MultiSelect

DataGridView1.MultiSelect = True

DataGridView1.SelectAll()

DataGridView1.ClipboardCopyMode =
DataGridViewClipboardCopyMode.EnableAlwaysincludeHeaderText

Clipboard.SetDataObject(DataGridView1.GetClipboardContent())

Dim results =
System.Convert.ToString(Clipboard.GetData(DataFormats.Text))

DataGridView1.ClearSelection()

DataGridView1.MultiSelect = multiselect

Dim XCELAPP As Microsoft.Office.Interop.Excel.Application = Nothing

Dim XWORKBOOK As Microsoft.Office.Interop.Excel.Workbook = Nothing

Dim XSHEET As Microsoft.Office.Interop.Excel.Worksheet = Nothing

Dim misValue As Object = System.Reflection.Missing.Value

ProgressBarProcess.Value = 4

XCELAPP = New Excel.Application()

XWORKBOOK = XCELAPP.Workbooks.Add(misValue)

XCELAPP.DisplayAlerts = False

XCELAPP.Visible = False

XSHEET = XWORKBOOK ActiveSheet

ProgressBarProcess.Value = 6

XSHEET.Paste()

XWORKBOOK:.SaveAs(filename,
Excel. X(FileFormat.xlOpenXMLWorkbook)

XWORKBOOK.Close(False)

XCELAPP.Quit()

ProgressBarProcess.Value = 8

Try

System.Runtime.InteropServices.Marshal.ReleaseComObject(XSHEET)



System.Runtime.InteropServices.Marshal.ReleaseComObject(XWORKBOOK)

System.Runtime.InteropServices.Marshal.ReleaseComObject(XCELAPP)
Catch
End Try
Me.Text = "Monitoring Signal"
ProgressBarProcess.Value = 10
ProgressBarProcess.Visible = False
MessageBox.Show("Save Succesfully")
End If
End If
Catch ex As Exception
Me.Text = "Data Log"
MessageBox.Show(ex.Message, "Error Message", MessageBoxButtons.OK,
MessageBoxlcon.Error)

End Try

ButtonSaveToExcel.Text = "Save To MS Excel"
ButtonSaveToExcel.Enabled = True
ButtonRecord.Enabled = True

End Sub

Private Sub releaseObject(ByVal obj As Object)
Try
System.Runtime.InteropServices.Marshal.ReleaseComObject(obj)
obj = Nothing

Catch ex As Exception

obj = Nothing
Finally
GC.Collect()

End Try
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End Sub

Private Sub TimerSerialPort Tick(sender As Object, e As EventArgs) Handles
TimerSerialPort.Tick
Try
Dim StrSerialln As String = SerialPortArduino.ReadExisting
Dim StrSeriallnRam As String
Dim AntlLog, Beelog, CatLog, DoglLog As String
Dim elapsed As TimeSpan = stopwatch.Elapsed
Dim TB As New TextBox
TB.Multiline = True
TB.Text = StrSerialln
_sec = elapsed.Seconds.ToString("00")
_min = elapsed.Minutes.ToString("00")
LabelTime.Text =™ & min & " & sec

AntLog = Mid(Ant, 2, AntL)

Beelog = Mid(Bee, 2, Beel.)

CatLog = Mid(Cat, 2, CatL)

Doglog = Mid(Dog, 2, Dogl)

DataGridView1.Rows.Add(New String() { min & "" & _sec, AntLog, Beelog,
CatlLog, Doglog})

Me.DataGridView1.FirstDisplayedScrollingRowIndex =
Me.DataGridView1.RowCount - 1

DataGridView1.ClearSelection()

DataGridView1.Rows(DataGridView1.RowCount - 1).Selected = True

Chartl.Series("Series1").Points. AddXY(_min & "" & sec, AntLog)

If Chart1.Series("Series1").Points.Count = Limit Then
Chart1.Series("Series1").Points.RemoveAt(0)

End If
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Chart1.Series("Series2").Points.AddY(BeelLog)

If Chartl.Series("Series2").Points.Count = Limit Then
Chart1.Series("Series2").Points.RemoveAt(0)

End If

Chart1.Series("Series3").Points.AddY(CatLog)

If Chart1.Series("Series3").Points.Count = Limit Then
Chart1.Series("Series3").Points.RemoveAt(0)

End If

Chart2.Series("Series1").Points. AddXY( min & "" & sec, Doglog)

If Chart2.Series("Series1").Points.Count = Limit Then
Chart2.Series("Series1").Points.RemoveAt(0)

End If

StrSeriallnRam = TB.Lines(0).Substring(0, 1)
If StrSeriallnRam = "A" Then
Ant = TB.Lines(0)
AntL = Ant.Length
Else
Ant = Ant
End If

StrSerialinRam = TB.Lines(1).Substring(0, 1)
If StrSerialinRam = "B" Then

Bee = TB.Lines(1)

Beel = Bee.Length
Else

Bee = Bee

End If

StrSeriallnRam = TB.Lines(2).Substring(0, 1)



If StrSerialinRam = "C" Then
Cat = TB.Lines(2)
CatL = Cat.Length
Else
Cat = Cat
End If
StrSeriallnRam = TB.Lines(3).Substring(0, 1)
If StrSerialinRam = "D" Then
Dog = TB.Lines(3)
DoglL = Dog.Length
Else
Dog = Dog
End If
If DoglLog > 500 Then
PictureBoxBadQuality.Visible = True
Else
PictureBoxBadQuality.Visible = False
End If

Catch ex As Exception

If PictureBoxGreenn.Visible = True Then
PictureBoxGreenn.Visible = False
Elself PictureBoxGreenn.Visible = False Then
PictureBoxGreenn.Visible = True
End If
End Try
End Sub
End Class
.2 Yagan1e C Tumsiweululusunsy Arduino IDE
#include <Wire.h>
#include <Adafruit GFX.h>
#include <Adafruit_ SSD1306.h>
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/= OLED size configuration in Pixels

#define SCREEN_WIDTH 128 //--> OLED display width, in pixels
#define SCREEN HEIGHT 64 //--> OLED display height, in pixels
//

[/ Declaration for an SSD1306 display connected to 12C (SDA, SCL pins)
#define OLED RESET -1 // Reset pin # (or -1 if sharing Arduino reset pin)
Adafruit SSD1306 display(SCREEN WIDTH, SCREEN HEIGHT, &Wire, OLED RESET);

int anteriorMillis = 0;

int tiempo = 0;

float valorAnalogico = 0,
float voltaje = 0;

float graficaVoltaje = 0;

int x[128]; //buffer de la grafica

int y[128]; //buffer secundario de la grafica

1111717117717

const int redPin = 9; // Red LED is connected to digital pin 9

const int greenPin = 10; // Green LED is connected to digital pin 10
const int bluePin = 11; // Blue LED is connected to digital pin 11
const int sensorPin = A0;

i

void setup(){
pinMode(redPin, OUTPUT);
pinMode(greenPin, OUTPUT);
pinMode(bluePin, OUTPUT),
// Set the sensor pin as an input

pinMode(sensorPin, INPUT);
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delay(100); // se da una espera de 100ms para que el display inicie correctamente

display.begin(SSD1306 SWITCHCAPVCC, 0x3C); // inicia la comunicacion 12C con el

display que tiene la direccion 0x3C
display.setRotation(0); // se escoje la orientacion del display puede ser 0 o 2
display.setTextColor(WHITE);

//display.setTextSize(1);, // ajusta el tamano de texto en el minimo valor

display.display();

for(int i=127;i>=0;i--X
x[i]=9999;

}

for(int i=127;i>=0;i--X
y[i1=9999;

}

Y

void loop(}
display.clearDisplay();

display.setTextSize(1);
display.setCursor(3, 9);
display.print(F("5V");
display.setCursor(3, 20);
display.print(F("aVv"));
display.setCursor(3, 31);
display.print(F("3V");
display.setCursor(3, 41);
display.print(F("2V"));



68

display.setCursor(3, 52);
display.print(F("1V");

display.drawLine(18, 9, 25, 9, WHITE);
display.drawLine(18, 20, 25, 20, WHITE);
display.drawLine(18, 31, 25, 31, WHITE);
display.drawline(18, 41, 25, 41, WHITE);
display.drawlLine(18, 52, 25, 52, WHITE);
//dibuja eje Xy Y

display.drawlLine(18, 62, 127, 62, WHITE);
display.drawline(25, 62, 25, 9, WHITE);

valorAnalogico = analogRead(A0)+analogRead(Al);
voltaje=(valorAnalogico*5)/1024/2; //calcula el valor en voltaje
graficaVoltaje=map(valorAnalogico,0,1023,62,9); //escala el valor analogico a un

pixel imprimible en pantalla

x[127]=graficaVoltaje; //asigna el valor escalado a el ultimo dato de la matriz

for(int i=127;i>=25;i--X
display.drawPixel(i, x[i], WHITE); //dibuja punto a punto el contenido de x
yli-1]=x[il; //guarda la informacion desplazada una posicion temporalmente en 'y

}

//imprime el voltaje en texto

display.setTextSize(1);

display.setCursor(18, 0);

display.print("HALL EFFECT");

display.setCursor(88, 0);

display.print(voltaje);

display.print(F("v"));

display.display();
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for(int i=127;i>=0;i--1
x[i1=yli;
}
/11177777777111117777777717
int sensorValue = (analogRead(A0)+analogRead(A1))/2;

// Use an if statement to divide the range of sensor values into three sections

if (sensorValue < 341) {
// Set the red LED to full brightness
analogWrite(redPin, 255);
// Set the green and blue LEDs to off
analogWrite(greenPin, 0);
analogWrite(bluePin, 0);

}

else if (sensorValue < 682) {
// Set the green LED to full brightness77
analogWrite(greenPin, 255);
// Set the red and blue LEDs to off
analogWrite(redPin, 0);
analogWrite(bluePin, 0);

}

else {
// Set the blue LED to full brightness
analogWrite(bluePin, 255);
// Set the red and green LEDs to off
analogWrite(redPin, 0);
analogWrite(greenPin, 0);

}
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Abstract: The present paper focuses on various aspects regarding Hall Effect sensors’
design, integration, and behavior analysis. In order to assess their performance, different
Hall Effect geometries were tested for Hall voltage, sensitivity, offset, and temperature
drift. The residual offset was measured both with an automated measurement setup and by
manual switching of the individual phases. To predict Hall sensors performance prior to
integration, three-dimensional physical simulations were performed.

Keywords: Hall Effect sensors; residual offset; absolute sensitivity; temperature effects

1. Introduction

Hall Effect sensors are widely used in industrial applications for a series of low power applications,
including current-sensing, position detection, and contactless switching. Such magnetic sensors,
integrated in regular CMOS technology, prove to be cost-effective and offer high performance [1]. In
order to guarantee Hall Effect sensors optimal behavior, high sensitivity, low offset, and low
temperature drift are performance aspects that need to be achieved. Previous papers by the authors
investigated the temperature effects on both sensitivity and offset [2,3]. The present paper is highly
focused on Hall Effect sensors design, integration, and performance investigation. To achieve good
results while still preserving the integration process, the sensors geometrical configuration is to be
exploited [4,5]. As the extensive measurements performed and presented by the authors [6] prove,
there is offset variance with geometry. The project specifications, a few times better than the actual
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state-of-the-art in terms of offset and its drift, have been reached and various good candidates have
been revealed. The present paper is structured as follows. The second section is intended to offer an
overview on Hall Effect sensors basic considerations and the most important equations governing their
behavior. Within this section, arguments for sensors geometry selection and design details are
presented. Extensive measurements results concerning the sensors sensitivity, offset, and its
temperature drift are incorporated in the third part of the present paper. The fourth section is devoted to
presenting three-dimensional physical simulations used to predict the sensors’ behavior. The results
and discussion are part of the fifth section of this work. Finally, the conclusions are drawn.

2. Hall Effect Sensors Design and Integration
2.1 Hall Effect Sensors Basic Considerations

Figure 1 presents the classical Greek-cross shape of a Hall Effect sensor. We can observe the
symmetrical and orthogonal character of the shape. The figure also depicts the biasing and sensing
contacts. If a current is applied between two contacts (let us say b and @) and the probe is placed under
a magnetic field, the carriers will be deviated by the Lorentz force and a voltage drop which is called
the Hall voltage will appear between the other two opposite contacts (¢ and c¢).

Figure 1. Classical Greek-cross Hall Effect sensor representation.

In Hall Effect sensors performance assessment, the Hall voltage and sensitivity are important

parameters. By consequence, the Hall voltage is defined by the relation:

T
Viaw, =G @]biasB (1)
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where G is the geometrical correction factor, 7y is the scattering factor of Silicon, (usually 1.15), n is
the carrier density, ¢ is the thickness of the active region, /s is the biasing current, and B is the
magnetic field induction, [7].

For a cross-like Hall cell, the geometrical correction factor G is defined as follows:

T oY M (—Ei) @)
tan (6y) 2w

where L and W are the sensor’s length and width respectively, according to Figure 1, and 8y, is the Hall
angle [8].

The above equation has an accuracy better that 0.5% if g <0.39, where [ = % is the length of
the arms.

The absolute, current-related, and voltage-related sensitivities of a Hall sensor are given by the
following relations:

VHALL Sa Sa
S = & S = X S —
4 B > Ibius’ Y Vbias (3)

From Equations (1) and (3) we can see that the Hall voltage and absolute sensitivity are inversely
proportional to the n-well doping concentration. Therefore, in order to achieve high sensitivities, a
lightly doped n-well is normally used in the fabrication process of these magnetic sensors.

2.2. Hall Effect Sensors Geometry Selection and Design Guidelines

Nine different Hall shapes have been designed and integrated in a CMOS 0.35 pm technology in
two different runs. The basic cell is a classical Greek-cross shape. It is primarily integrated as a
reference shape, but it might suffer from a difference in the piezoresistance due to the orientation of
the axes. The L and XL Hall cells are scaled versions of the basic cell. For these cells, the selection
criterion relies on the fact that any errors on the contour will be less due to an averaging on a bigger
size. The 45° cell is actually the basic cell turned 45° in order to cancel out the effect of the
piezoresistance effect with respect to the Si crystallographic axes. Further on, the borderless cell is a
square structure that has small contacts located further away from the p-n junction. This particular
geometry might minimize the influence of any errors that could appear on the borders. In this case, the
sensitivity is affected as well due to the decrease of the effective active region by the position of the
contacts. The low doped Hall cells have a more lightly doped n-well, so there is an increase of the
sensitivity, according to Equation (3). The optimum cell is a combination of increased square
dimensions with contacts situated halfway between the n-well center and borders respectively.

In order to achieve maximum sensitivity, a geometrical correction factor G maximization was
performed for rectangular Hall structures with small sensing contacts 5. The analysis was initiated by
the authors and presented in a recent paper [9]. G was maximized when design specifications act as
constraints, such as imposed sensing contacts length s and area A = LW. Further on, in order to
guarantee maximum sensitivity, a guiding procedure for selecting the Hall cells dimensions L and W
respectively is represented in a flow-like sequence diagram in Figure 2. In this particular case, an
approximation of the G is used which is valid for relatively long Hall plates, with L/W > 1.5, small
sensing contacts s/W < (.18 and small Hall angles [7].
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Figure 2. Guiding procedure for L and W selection for rectangular Hall Effect structures
with small sensing contacts.

Small contacts
structures
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I Designer }—)

Maximize G

Figure 3 presents the choice of the length-to-width ratio plotted versus the area for different small
sensing contacts length s. This analysis can guide the designer in selecting the best Hall cells’
dimensions for getting maximum sensitivity, in the case of area 4 and sensing contacts length

constraints.

Figure 3. Variation of L/W with respect to the area A, for different small sensing contact sizes, s.
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3. Experimental Section
3.1. Hall Effect Sensor Measurements

In order to accurately test the Hall Effect sensors, an automated measurements setup has been
built [6]. Previous papers in the literature were devoted to Hall sensors current measurements [10].

The nine integrated Hall cells are presented in Table 1. Part 1 of the table refers to the cross-like
Hall cells, while Part 2 focuses on the square Hall cells. The table summarizes both geometrical design
parameters and measurements results for the input resistance at room temperature R, absolute
sensitivity Sy, offset drift, efc. The design parameters include L, W, and s, which stand for sensors
length, width, and sensing contacts length respectively.

The information for the offset refers to the four-phases residual offset and it is an average on eleven
tested samples. For offset drift measurements, a TEMPTRONICS temperature control system was used
and the temperature was cycled from 0 to 90 °C.

From the measurements results, we can see that there is offset and sensitivity variance with
geometry. The XL cell proved to have the best performance in terms of offset drift. There is a decrease
of the borderless sensitivity compared to the other cells due to the position of contacts with respect to
the borders.

Table 1. Integrated Hall Effect devices characterization.

. Low- Narrow
Geometry Type Basic dopid L XL 45 Deg Chnbhcts
oo e i dedlun
= .
Ry (kQ) @

T=300 K, B=0 T 2.3 5.6 2.2 22 2.1 25
Sa (Y/T) @ 0.0807 0.3392 0.0804 0.0806 0.0807 0.0822
Ibias_ 1 mA

Offset drift (WT/°C)
(4-phases current 0.409 0.067 0.264 0.039 0.373 0.344
spinning)

L, W (um) of the L=216 | L=216 [.L=324 L=432 L=216 | L=216

Active Area (n-well) | W=95 | W=95 | W=1425 W=19 W=95/ W=95
L'w 27 2.27 2l ] 2.29 2.27 2.2
s (M g Sesigy, | ¢ 8.8 13.55 18.3 8.8 1.5
Contacts
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Table 1. Cont.

Geometry Type Borderless Square Optimum
a o e 8
Shape I::
o o
(m] O
Ry (kQ) @
T=300 K, B=0 T 18; 4.9 15
Sa (VIT) @ Iiu=1 mA 0.0325 0.0884 0.0635
Pt drift (WTPQ 0.526 0.082 0.328
(4-phases current spinning)
L, W (um) of the Active L=50 L=20 L=50
Area (n-well) W=50 w=20 W =50
Lw 1 1 1
s (pm) for Sensing Contacts 2.3 23 4.7

3.2. Offset Temperature Drift Measurement Results Using a DC Measurement Setup and Manual
Phase Switching

The offset is a parasitic effect that adds to the total Hall voltage. The offset was measured in the
absence of magnetic field (B = 0 T), by using a zero-Gauss chamber. The offset is defined as follows:

Vout = Viaw + Voffset 4
In order to have information on the offset of each individual phase, manual phase switching was
performed. Both two-phases and four-phases residual offsets were measured.
The four-phases residual offset in V is computed as follows:

Vp - sz + VP3 ik VP4
Vresiauai (4 phases) = - 4 4

where V), 5 3 4 are the individual phases offsets.
The magnetic-equivalent offset (measured in T) is defined by dividing the four-phases residual
offset in V by the absolute sensitivity, as follows:
Vresidual (4 phases)

Bresiauat (4 phases) = Sa @

Figure 4. Hall cells polarization for Greek-cross cells (a), borderless cell (b) and optimum cell (¢).

Raub
p-sub a n-well b
¥ O
] o
b
3 >
d c
Greek-cross cell polarization Borderless cell polarization Optimum cell polarization

(a) (b) (©

75



J. Sens. Actuator Netw. 2013, 2 91

In Figure 4, the specifical Hall cells polarization is represented, for the Greek-cross cells, borderless
and optimum cells respectively.

Further on, Table 2 presents the four phases used for Hall cells polarization, including biasing and
sensing contacts.

Table 2. The corresponding polarization phases.

Phases 'y VHA“'
(biasing) (sensing)
Phase 1 atoc btod
Phase 2 dtob atoc
Phase 3 ctoa dtob
Phase 4 htod ctoa

In Figures 5-7, the magnetic equivalent residual offset vs. absolute temperature for four different
Hall Effect sensors is depicted. Two different biasing currents were taken into account, Zy,s= 0.5 mA
and /.= 1 mA respectively. The samples were placed into an oven and the temperature was cycled
between —40 and 125 °C. We can observe the parabolic temperature dependence of the residual offset.

Figure 5. Magnetic-equivalent offset vs. absolute temperature for the basic (left) and L
(right) Hall cells, for Zyi,s= 0.5 mA.
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Figure 6. Magnetic-equivalent offset vs. absolute temperature for the XL Hall cell, for
Tpias= 0.5 mA (left) and /os= 1 mA (right).

- XL cell, I;,.=0.5 mA . XLcell, I,,,,=1 mA
0.06 e T = 1
£ —+XL e | .
® oos | = 5 XL
K] - w 02 -
S ° =
o 004 7 - o
= » € o01s
D o0z == = S
< -g pr————
3002 50
g° g
¥ ¥
o Q 0.05
= 0.01 =
)
B o ¥ o
r - T T ] . ; : - -
s 233 248 273 298 323 358 398 s 233 248 273 298 323 358 398

Absolute temperature (K) Absolute temperature (K)



J. Sens. Actuator Netw. 2013, 2 92

Figure 7. Magnetic-equivalent offset vs. absolute temperature for the borderless Hall cell,
for Jpias= 0.5 mA (left) and /j;os= 1 mA (right).
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3.3. Room Temperature Offset Measurement Results Using an Automated AC Measurement Setup

Using an automated measurement setup presented in detail by the authors in a recent paper [6], the
proposed Hall cells have been tested and subsequently evaluated. In this sense eleven samples, each
one containing 64 cells (the first eight different geometries in Table 1 times eight locations), were
tested. The positioning of the eight cells as repetitions of eight is presented in Figure 8. We wanted to
have the same cell several times, and at different locations on the chip in order to investigate possible
offset variation due to position. Therefore, the same cell was tested eight times on the same chip.

Figure 8. Location of the eight analyzed Hall cells on a tested chip.

o1 J2){saffsholfzRallo floffrffr2f1sfalfss s |l 17} 15]f1o |fz0 §21 Hz2 23 24 25][ 26 f 2725 | 2offs0]fs1

32 |33 f 3435 J§ 36 {37 Jf o a0 4ol 1 [ a2 jas | 44]| 45 as 47 [ a6 4o § so st} s2}f 53 saff 55 |} sc fs7 J{ selj 5o { eo{ o1 L2 ]f6s

45Dcg XL Border Low 45Deg XL Border Low
less doped well less doped well
Narrow Basic Square L Narrow Basic Square L
contacts contacts

Figures 9-10 present the 4-phases residual offset in T at room temperature versus the absolute
sensitivity for four of the integrated Hall cells. The indications in the legend represent the specific
positions of the tested cell within a chip containing 64 cells. To obtain the data in Figures 9 and 10, the
biasing current was ramped, and the residual offset measured. It is to be mentioned that the residual
offset is not a direct function of the sensitivity, but an implicit one via the biasing current. However,
for more meaningfulness, we decided to display this information versus the absolute sensitivity, as it is
useful to know how much residual offset corresponds to certain sensitivity.

7
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Figure 9. Room temperature residual offset for basic (a) and 45° (b) Hall cells.
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Figure 10. Room temperature residual offset for XL (a) and Narrow contacts (b) Hall cells.
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By the green band we understand the project specifications in terms of offset at room temperature,
which falls in the interval £30 pT. We can observe that the best behavior is obtained for the XL cell.

4. Three-Dimensional Physical Simulations

Regarding Hall Effect sensors behavior analysis, a finite element lumped circuit model was recently
developed by the authors in [3]. Other models, based on six-resistance approach were proposed [11].

A powerful tool to predict the Hall Effect sensor’s performance is based on three-dimensional
physical simulations. In a recent paper, the authors presented 3D simulations as an instrument to assess
Hall sensors behavior [12]. In this work, five different cells, including basic, L, XL, borderless, and
optimum, were simulated and evaluated using TCAD Sentaurus Synopsys tool [13]. In Figure 11, the
three dimensional structure of the basic cell with the donor concentration profile is displayed.
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Figure 11. Three-dimensional simulated structure of the basic Hall cell.
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The structure is also endowed with four electrical contacts, located at the extremities of the arms.
For the p-substrate, a Boron concentration of 10'* ¢m™ is used while the active n-well region is
implanted with an Arsenic doping concentration of 1.5 x 10" ¢cm* with a Gaussian profile. The
thickness of the p-substrate is 5 um while the n-profile implantation depth is 1 um. In this case, the

average mobility is 0.0630 m*V s,
5. Results and Discussion

The three-dimensional structures for three of the five simulated Hall cells are incorporated in
Figures 12-14, also depicting the electrostatic potential (V) distribution. A current in the range
0-1 mA was used to bias the Hall structures from « to ¢ contacts and the Hall voltage was recorded
between the opposite b and d contacts. For the cross Hall cells, the current has an orthogonal flow,
while for the borderless and optimum cells, the current flow is on a diagonal path, according to
Figure 4. In Table 3, the design parameters of the five simulated cells are summarized. L, ¥, and s
stand for sensors length, width, and sensing contacts length respectively.

Figure 12. The three-dimensional representation of the simulated basic Hall cell.
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Figure 13. The three-dimensional representation of the simulated XL Hall cell.
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Table 3. Simulated Hall Effect devices geometrical parameters.

Hall Structure L (um) W (um) s (um)
Basic 21.6 5] 8.8

I 324 14.25 13.55
XL 43.2 19 18.3
Borderless 50 50 4.7
Optimum 50 50 2.3

Figure 15. Hall voltage (V) vs. biasing current for the five simulated Hall cells.
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The five Hall cells were simulated for Hall voltage, by considering the influence of a magnetic field
of strength B = 0.5 T. The following results were obtained as presented in Figure 15.

In Figure 16, the absolute sensitivity versus the biasing current is displayed for the five simulated
Hall structures. We can observe that the cross Hall cells have the highest sensitivity, while there is a
decrease in sensitivity for borderless and optimum cells, as confirmed by the measurements results
presented in Table 1.

The sensitivity is directly related to the geometrical correction factor and G is in turn directly
proportional to the length-to-width ratio. By consequence, it is expected for basic, L, and XL Hall cells
to have approximately the same absolute sensitivity, as they are scaled up versions of a classical
Greek-cross.

To explain the Hall voltage and sensitivity reduction in the square Hall cells compared to the cross
structures, one has to take into consideration the geometrical correction factor G which is lower in the
case of the square cells. Moreover, contacts on square structures located further away from the p-n
junction considerably reduce the effective active n-well area, so they also produce a decrease in the
sensitivity.

Figure 16. Absolute sensitivity (V/T) vs. biasing current for the five simulated Hall cells.
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6. Conclusions

Different Hall effect sensors were integrated in a CMOS technology, and their performance, were
evaluated. The measurements results corresponding to the sensitivity, residual offset, and its behavior
with the temperature were presented, with a comparative analysis on different Hall cell types. To
achieve the highest sensitivity, geometrical correction factor maximization was performed for long
rectangular Hall structures with small sensing contacts. To model the Hall Effect sensors behavior and
predict their performance, three-dimensional physical simulations were performed. This procedure can
guide the designer in selecting the best integration process, adequate Hall cell shapes and dimensions.
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Abstract. This study aims to present the procedure developed for detecting deterioration of oil
lubricant under variation of electromagnetic field which was generated by a ferrite-core
solenoid coil. The overall diameter of coil was 18.5 mm and the inductance was 22.421 mH
from direct current stimulation. The results were then compared to those from frequency
stimulation. The optimal efficiency of measurement systems was then assessed by real-time
analyzing the metal particle contamination of 3 oil lubricants categorized by grade namely ISO
32, ISO 46 and ISO 68 as well as the viscosity under specific conditions which were flow rate
and temperature ranging from 25 °C to 100 °C. The analysis was performed to compare the
results from experiments of unused and used (approximately 6 months) oil lubricants. From
experiments, the viscosity of oil lubricant was reduced when the temperature exceeded 50 °C.
However, the stimulation of coil using 0.9 A direct current could clearly distinguish the
difference between the unused and used oil lubricants with metal particle contamination
comparing to other values of dircct currents applied with 0.42 % of error. Also, the 0.5 kHz of
frequency would be the most appropriate value for frequency stimulation with 0.38 % of error.

1. Introduction
Regular monitoring and maintenance of industrial machinery is necessary. Oil lubricant is one of the
most important factors for mechanical performance to extend the lifetime of various parts and also
increase the efficiency of the machine. Normally, the lifetime of oil lubricant is dependent on the type
of oil and the hours of machine operation. However, in practice, oil lubricant could deteriorate sooner.
There are many ways to check the properties for oil degeneration analysis such as ultrasonic
measurement of viscosity of liquids [1], an IR-absorption sensor system for the determination of
engine oil deterioration [2], influencing factors of viscosity measurement by rotational method [3],
measurement and correlation of thermophysical properties of waste lubricant oil [4], photoacoustic
measurement of liquid viscosity [5], oil contamination monitoring based on dielectric constant
measurement [6], the viscosity measurement of oil lubricant based on Archimedes' principle including
Newton’s laws of motion using Hall Effect sensor [7] and application of magnetic field method for
measuring lubricant viscosity [8].

This study used a Hall Effect sensor as an instrument measuring voltage variation due to metal
particle contamination for analyzing oil lubricant deterioration. The intensity of electromagnetic field
generated by coil which was stimulated by direct current and low frequency was also real-time
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assessed in order to inspect and analyze the properties of oil lubricant during operation effectively.
The results from analysis were then stored in the database for further assessment of machine
conditions and maintenance plan.

2. Fundamental method

2.1. Principle of Hall Effect sensor

Galvanomagnetic effect is the phenomenon that electric charges can move in the medium under
Lorentz force (F) of electromagnetic field on any electric charge (¢) as illustrated in equation (1) [9].
‘When magnetic flux (B) acting in the direction perpendicular to the conductor sheet with the current
flowing through, it can result in the deviation of the charge moving through the conductor that causes
the potential different voltage or Hall voltage (V) between the two poles perpendicular to the
direction of the current flow as shown in equation (2). [10]

F =qE +¢[vxB] (1
vyedipm @
d

where E is the Hall field, v is the velocity of electron due to electric field, Ry, is the Hall coefficient, /
is the current through each coil and d, is the thickness of Hall Effect sensor

2.2. Viscosity and fluid dynamic
Viscosity (#) is an important parameter. It directly relates to the oil lubrication efficiency especially
for industrial machinery that can contribute to high machine performance and can operate at full
capacity. Equation (3) shows the relation of viscosity and time period when metal particles start
moving through the solenoid coil until reaching saturation point under variation of the temperature due
machine operation in real time. [11]
£
1 =Imm‘ing jp[ 3)

Where £ovine 1S the time period when the particles start moving through the solenoid coil until reaching
saturation point (sec), pr is the density of fluid flow on south direction (km/cm?), F’ is the force
caused by flow (N) and 4 is the area of the pipe where the fluid flows through (cm®).

3. Structure of the testing system

3.1. Measurement processing of oil lubricant

The system designed for analysis of oil lubricant deterioration can be divided into 2 parts: 1. the part
which can real-time simulate the flow of oil lubricant while the machine is working, consisting of oil
pipeline (J15 mm), motor pump, flow control valve, flow meter, heater (1.5 kW), PID controller for
temperature and thermocouple type K with measurement, and 2. the measuring and processing part
including solenoid coil, Hall Effect sensor, signal conditioning and computer for processing and
storing data as shown in Figure 1.

3.2. Sensing part and placement of Hall Effect sensor

In this study, the quality of oil was evaluated by creating an electromagnetic field of the solenoid coil
at the specified time (ON = 60 sec and OFF = 60 sec) to determine the speed of metal particles
accumulating in the cross-section of the ferrite core until reaching the saturation point. The amount of
metal particles caused by corrosion and abrasion of industrial machine parts during the operation was
directly proportional to the voltage at the output of the Hall Effect sensor. The highest electromagnetic
field intensity was at the Hall generator located between the cross-sectional area of the ferrite core and
oil pipeline as shown in Figure 2. The output voltage from measurement was then used to analyze the
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amount of metal particles contaminated in the oil lubricant as well as the viscosity of the oil lubricant.
The results could indicate the quality of the oil lubricant being used and also estimate the service life
of the oil lubricant in order to reduce the risk of damage that may occur to industrial machinery.

Oil storage tank Outlet Sensing Module

Rotameter Hall generator

Thermocouple Solenoid coil

Oil pipeling

Heater
r
=%
Inlet . 4
PID Controller
Flow control valve Signal conditioning

Motor pump N
. Arduino
@ microcontroller with
NS 10- bit ADC

Computer for analysis

Figure 1. Block diagram of oil lubricant deterioration system.

Front view . Side view
Ferrite core Rctal paiticls Hall generator

Coil Oil pipeline / Ferrite core
oil

jr—

Figure 2. Installation of Hall Effect sensor located between the solenoid coil and the oil pipeline.

Oil pipeline

Ilall generator !

3.3. Experimental conditions

This study used hydraulic oils No. ISO 32, ISO 46 and ISO 68 as a case study to distinguish between
the unused oils and the 6-months-used oils by generating electromagnetic fields using different
stimulation methods under specific conditions. The sample of testing oils is as illustrated in Figure 3.
The testing oil was placed in the tank with a heater to vary the oil temperature from 25 °C to 100 °C
(increasing by the step of 10 °C) similarly to the real machine. Oil was pumped into the 15 mm
diameter oil pipeline to measure the flow rate as well as the viscosity. The Hall generator positioned
between the solenoid coil and the oil pipeline was used to measure and compare the amount of metal
particles contaminating in the unused and used oils.

. 1SO 32 unused

Figure 3. Sample of hydraulic oil No. ISO 32.



4. Electromagnetic field generation

The electromagnetic field generation using the solenoid coil excitation (cylindrical shape, diameter =
9.75 mm, and length = 56 mm), copper wire (SWG 22, 712 turns) with an inductance of 22.421 mH to
enhance the Hall Effect sensor performance was calibrated with the measurement of reference metal
particles (average diameter = 216 pm) and analyzed 5 times by a scanning electron microscope
(SEM). The unused oil without contamination of metal particles were used as the reference voltage
(V5ep) to be compared with the unused oils with metal particles in the amount of 0.2 g, 0.3 g, 0.4 g and
0.5 g, respectively. The relationship between the output voltage of Hall Effect sensor and the amount
of metal particles is as shown in Figure 4. From the picture, an ISO 32 oil lubricant was tested at 32 °C
with a magnetic field stimulated by a direct current of 0.9 A. From experiment, it was observed that
the output voltage of the Hall Effect sensor would increase directly in proportion to the amount of
metal particles and rise significantly to the saturation point when the amount of metal particles
increased.
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Figure 4. The relationship between the output Figure 5. Comparison of different direct current
voltage of the Hall Effect sensor and the reference stimulations with a sample of ISO 32 hydraulic
amount of metal particles. oil at operating temperature of 50 °C.

4.1. Experimental results from direct current stimulation

The generation of the electromagnetic field by direct current stimulation was varied from the input
current of 0.5 A to 1 A consisting of 0.5 A, 0.6 A, 0.7 A, 0.8 A, 0.9 A, and 1 A (increasing 0.1 A
interval) under specific temperature of 50 °C. From experiment, it was found that the electrical current
suitable for excitation of the solenoid coil was 0.9 A due to a high concentration of electromagnetic
field generated at the cross-section of the ferrite core. Also, this electromagnetic field concentration
was adequate for Hall generator to be operated without heat accumulating at the coil comparing to that
excited by electric current of 1 A. Figure 5 is a sample test of an ISO 32 hydraulic oil used at operating
temperature of 50 °C with an average estimating from 6 times of repeatability. The testing results of a
sample of ISO 32 hydraulic oil used under temperature variation from 25 °C to 100 °C when flowing
through the heater. Considering the flow rate of oil within the pipeline flowing through Hall Effect
sensor, it can be observed that the viscosity of used oils could be reduced similarly to that of the
hydraulic oil number ISO 46 and ISO 68 as shown in Figure 6.

4.2. Experimental results from frequency stimulation

The generation of electromagnetic fields using frequency stimulation was to assess the appropriate
frequency for experiment by comparing the results of three frequencies: 0.5 kHz, 1 kHz and 1.5 kHz at
30 °C. The optimal frequency for solenoid coil excitation with the highest intensity electromagnetic
field generator at the cross-section of the Ferrite core was at low frequency of 0.5 kHz. Comparing to
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direct current stimulation, it can be noted that frequency excitation results in a higher voltage output
from the Hall Effect sensor than that of direct current stimulation. As a result, distinguishing metal
particles contaminated in oil lubricant using frequency excitation can be well performed and
contributed to the better accurate results of oil lubricant deterioration analysis. Figure 7 illustrates a
sample test of the hydraulic used oil number ISO 32 with an average estimating from 6 times of
repeatability. The testing results of ISO 32 hydraulic used oil under temperature variation from 25 °C
to 100 °C. Considering the flow rate of oil through the Hall generator placed in The position between
the solenoid coil and the pipeline, it can be observed that the viscosity of used oil would be reduced
similarly to that of the hydraulic oils No. ISO 46 and ISO 68 that could directly affect the efficiency of
the lubricating oil. Details are as shown in Figure 8.
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Figure 6. Test results of ISO 32 hydraulic oil used ~ Figure 7. Comparison of the results from
at temperature ranging from 25 °C to 100 °C with  different frequency excitations of the hydraulic
direct current stimulation of 0.9 A. used oil No. ISO 32 at 30 °C.
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Figure 8. Testing results of the hydraulic oil No. ISO 32 used at temperature ranging from 25 °C to
100 °C with frequency stimulation of 0.5 kHz.

5. Conclusion and discussion
This study aims to compare the efficiency of the electromagnetic field generated by direct current
stimulation and frequency stimulation in order to enhance the optimal efficiency of the Hall generator
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as the output voltage from the Hall Effect sensor is directly proportional to the amount of magnetic
field intensity. Considering the excitation of the coil to create an electromagnetic field, the low
frequency stimulation can increase the efficiency of the Hall Effect sensor due to higher Voltage Hall
by more than 20 % without heat accumulation in the solenoid coil compared to the direct current
stimulation. The frequency stimulation can also reduce the heat of the solenoid coil by about 48 % on
average. However, when compared to other types of engine oil, such as fully synthetic SN 0W-20 of a
2,000 cc car with a 9-years lifespan, use of approximately 80,000 km, and engine oil changing period
of 10,000 km, it can be observed that the viscosity of fully synthetic engine oil would increase
proportionately with the temperature. It is because the engine oil has the ability to wash away soot
from combustion caused by the engine's sword that results in increase of the viscosity. For the
lubricant used for hydraulic machinery, the viscosity would decrease when the temperature rises due
to oxidation reaction. Therefore, the analysis of oil lubricant or engine oil deterioration by considering
the viscosity should also consider the type and nature of work of machinery or engine. For instant, the
deterioration of the oil used for lubricating machinery without internal combustion systems would
result in reduction of the viscosity. On the other hand, the deterioration of the oil used for lubricating
engines with internal combustion systems that the oil can lubricate and wash away the soot from the
combustion would contribute to increase of the viscosity.
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ABSTRACT

The purpose of this experiment was to develop measurement and analysis of hydraulic fluid
deterioration. By measuring the amount of metal contaminants in hydraulic fluids, With the interaction of
magnetic fields with HALL EFFECT SENSOR By using permanent magnets to induce scrap metal when the
magnetic field is deflected, the voltage output from the HALL EFFECT SENSOR is changed and measured
for analysis and recording. Metals weighing 0 to 2 grams From the experimental results, it was found that
when the mass of metal increases, the electric voltage from the HALL EFFECT SENSOR increases as well.
Thus, the changed voltage can be used in the analysis to determine metal contamination in hydraulic fluids.
Keywords: HALL EFFECT SENSOR , Permanent Magnet , Metal Contamination

l. INTRODUCTION

in modern times Industry and manufacturing
processes are used hydraulic oil in a large number
of machines But the cause of the malfunction of
the machine is mainly from deterioration of
hydraulic oil from the center of the hydraulic oil
viscosity loss This is caused by many factors such
as leakage and air into the system, the heat from
friction. reaction, oxidation and metal
contamination, etc. Therefore, the hydraulic oil
must be replaced. regularly for a specified period
of time but in the actual operating conditions of
the machine with different uses This causes the
hydraulic oil to deteriorate before it is due for
replacement or to change the hydraulic fluid that
is still in use within the scope of use. resulting in
excessive wasting of expenses

Therefore, it is necessary to test the viscosity
of hydraulic fluids. Testing can be done in several
ways such as Ultrasonic Liquid Viscosity

Measurement , Optical Liquid Viscosity
Measurement , Capacitive Sensor and IR-
Absorption- In this experiment, we will focus on
testing for metal contamination as one of the
contributing factors. to the deterioration of the
hydraulic oil with the Hall Effect Sensor to
analyze the deterioration of the hydraulic oil To
be able to accurately measure the deterioration
of the hydraulic oil.

Il. Fundamental Methods

A. Scrap metal and hydraulic viscosity
relationship

Viscosity directly affects hydraulic flow rate.
If the viscosity of the hydraulic oil is too much or
too little for the normal operating conditions, The
malfunction of the machine may result in damage
to the machine or the production, which is the
cause of unnecessary spending. The relationship

89



between viscosity and metal particles in hydraulic
oil can be obtained from the following equation:

F
n= tmoving Zp

Where n is the viscosity (Pa.s);
pis the density of the fluid (kg);
F is the force (N);
A is the area of oil containers (cm);
tnoving 15 MOVING time to permanent
magnet of metal particles (s).

B. The Hall Effect

The Hall Effect phenomenon was discovered
by Edwin Hall. The HALL EFFECT SENSOR is a
small passive sensor that can generate an output
voltage when the current flowing through the
semi-conductor is deflected. The magnetic flux
(B) generated by the sensor module can be
analyzed by the Lorentz force of the magnetic
field (q). The Hall voltage generating the magnetic
field is expressed in the following equation:

V = R_”I B
H y, HH

Wwhere

Vi is the Hall voltage (V).

By is the magnetic flux density (Tesla).

Wi is the thickness of the Hall generator (mm).
Ry is the Hall coefficient (Q).

I is the constant current (mA).

Re-measurements or random measurements
are estimates of uncertainty in a type A standard.
The standard deviation (Sd) is assumed to be the

estimated standard deviation when n is a large
number. x is the measured value.

sd =y 375
n—1

i=1

C. The Permanent Magnet Principle
Ferromagnetic material type permanent
magnets were selected in this study. and the
maximum magnetic flux density is 298.94 mTesla.
10 mm wide by 3 mm thick flat round permanent
magnet Permanent magnets are installed in
parallel and the magnetic poles are positioned
where magnetic forces can be generated
perpendicular to the Hall Effect Sensor.

X

Figufe 1. Permanent magnets.

w2 4DJA 2000

Figure 2. Dimension of Permanent magnets.

Ill. Measuring System
In this project, a 5 V power supply for the
HALL EFFECT SENSOR and, 15V for the A1301
amplifier module are used. In the experiment, the
HALL EFFECT SENSOR is mounted on an acrylic
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sheet and a permanent magnet is mounted on
the Hydraulic pipe. Hydraulic The presence of
metal in the hydraulic pipe will cause the
magnetic field to deflect and a voltage will be
generated from the HALL EFFECT SENSOR to the
amplifier module. and to the controller to store
the values and analyze them further.

The HALL EFFECT SENSOR is installed on an
acrylic model 20°20*160 mm in size, 5 cm from
the permanent magnet in the south pole. The
magnetic field and hydraulic pipes cause the
HALL EFFECT SENSOR to have a voltage of 0.9
volts.

IR |

Figure 4. Installation of a Hall Effect Sensor.

X
;90mm

Figure 5. Hardware design

IV. EXPERIMENT

A. Experimental Condition

In this experiment, we will use the HALL
EFFECT SENSOR measurement to compare the
difference in electric potential with the difference
in the mass of scrap metal induced by a
permanent magnet. The experiments ranged
from 0. 2 to 2 g, with an electric voltage starting
at 0.94 V. In the experiment, measurements were
repeated five times for every weight of the metal.
to assess accuracy and the ability to repeat
measurements.

B. The Results of Experiments

Experimentally, since the output voltage
from the Hall Effect Sensor is directly
proportional to the amount of magnetic field
intensity, it can be observed that the HALL
EFFECT SENSOR output voltage increases with the
mass of the scrap metal induced by the magnetic
field from the permanent magnet. The
relationship between the Hall Effect Sensor
output voltage and the metal particle content is
shown in Table 1 with a maximum error of 0.02V.
The relationship between the Hall Effect Sensor
output voltage and the metal particle content is
shown in Graph 1.

Table 1. Average and S.D. of output voltage

Voltage(Volt)
| M. average Sb.
0.00 0.94 0.0000
0.20 1.00 0.0055
0.40 1.02 0.0000
0.60 1.04 0.0055
0.80 1.11 0.0084
1.00 1.14 0.0045
1.20 1.16 0.0055
1.40 1.21 0.0089
1.60 1.32 0.0158
1.80 1.41 0.0164
2.00 1.46 0.0100
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Graph 1. The relationship between output
voltage and the metal particle

Table 2. output voltage from the experiment

Voltage(Volt)

0.00(1.00| 2.00| 3.00(4.00{ 5.00
0.00 [0.94)|0.94| 0.94|0.94|0.94| 0.94
0.20 [0.94|0.99(1.00/0.99|1.00| 1.00
0.40 [0.94|1.02(1.02|1.02|1.02|1.02
0.60 |0.94|1.04|1.05/1.04|1.05|1.04
0.80 |0.94|1.10{1.12]1.11{1.12|1.11
1.00 |0.94(1.14|1.14]{1.15|1.14| 1.14
1.20 |0.94|1.16|1.17[1.16|1.16[1.17
1.40 |0.94(1.21|1.20{1.20|1.20{1.22
1.60 |0.94{1.30|1.31{1.33|1.32|1.34
1.80 |0.94(1.38|1.41|1.42|1.41|1.42
2.00 [0.94|1.47|1.46|1.47|1.45|1.45

15

14

13

12

Average Voltage

11

0.9

|
! Mass of scrap metal
|

) e 02 i 0.4 it 0.6 e 0.8 st 1
e 1.2 wm |4 e 1§ e |8 e )
~ Graph 2. The relationship between output
voltage and the metal particle for all mass
values
C. Experimental Condition Il
In this experiment We will use Hall Effect
sensor measurements to compare the difference
in electric potential with the difference in the
mass of metal shards generated by the
permanent magnet. The experiments ranged from
25 to 50 g/l with an initial voltage of 1 V. In the
experiments, the measurements were repeated 3
times for every weight of metal. To assess
accuracy and repeatability
Changed the design of the hardware to
accommodate larger circuitry and to increase the
contact area between the Hall effect sensor and
the permanent magnet.
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Figure 7. New hardware

D. The Results of Experiments I
Voltage measurement results of 25 to
50 g/l metal mass without change in
distance between the permanent magnet
and the measuring device. The relationship
between the output voltage of the Hall
effect sensor and the metal particle content
of the measurement points P, A and B are
shown in the table and graph, respectively

Table 3. The relationship between the output
voltage of the Hall Effect sensor and the
metal particles at point P.

P Output (mV)
Gram/liter | 1st | 2nd | 3rd | Average
2.5 1014 | 1005 | 1012 | 1010
3.0 1015 | 1017 | 1018 1017
3.5 1024 | 1026 | 1021 1024
4.0 1028 | 1032 | 1028 1029
4.5 1035 | 1033 | 1032 | 1033
5.0 1035 | 1033 | 1035 | 1034

Average output (mV)
1060
1040
1020 /—A_—(
1000
980

Voltage (mV]

25 3.0 35 40 45 50

Mass per volume (g/L)

Graph 3. The relationship between the output
voltage of the Hall Effect sensor and the metal
particles at point P.

Table 4. The relationship between the output
voltage of the Hall Effect sensor and the metal

particles at point A.

A Output (mV)
Gram/liter 1st | 2nd | 3rd | Average
25 1046 | 1048 | 1048 1047
3.0 1046 | 1048 | 1051 1049
3.9 1052 | 1052 | 1053 1052
4.0 1057 | 1060 | 1066 1061
4.5 1069 | 1069 | 1072 1070
5.0 1071 | 1070 | 1071 1071

Average output (mV)
1150
=" 1100 ,___.._-1——'*"(_1
£ 1050
. 1000
950

Voltag

25 30 35 4.0 45 5.0

Mass per volume (g/L)

Graph 4. The relationship between the output
voltage of the Hall Effect sensor and the metal
particles at point A.

Table 5. The relationship between the output voltage of the
Hall Effect sensor and the metal particles at point B.

B Output (mV)
Gram/liter 1st 2nd | 3rd | Average
2.5 1059 | 1059 | 1058 1059
3.0 1060 | 1060 | 1064 1061
3.5 1072 | 1066 | 1065 1068
4.0 1078 | 1074 | 1072 1075
4.5 1078 | 1078 | 1080 | 1079
5.0 1081 | 1082 | 1082 | 1082
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Graph 5. The relationship between the output voltage of
the Hall Effect sensor and the metal particles at point B

V. Conclusion

from the ~HALL EFFECT - SENSOR
experiment, observed from the changing
phase of the electric voltage from 1-5 V by
inducting scrap metal from
0.2 to 2 g with a permanent magnet. (When
no scrap metal is inducted, the voltage
difference is 0.94 V), which uses more
reference metal particles to represent a
shorter test time under the same
conditions. This is because the larger the
metal  particles, the  greater the
gravitational ~attraction. The heavier the
metal particles, the faster the pressure
changes. This leads to a high propensity for
experimentation errors.

By analyzing the Hall Effect Sensor's
output voltage, the relationship between
Hall voltage and electromagnetic field
density can be observed. From the
experiment The relationship between the
Hall Effect Sensor's output voltage and the
amount of metal particles has a maximum
error of 0.02V. And from the second
experiment This is because the output
voltage from the Hall Effect sensor is
directly proportional to the amount of
magnetic field strength. It is therefore
observed that the output voltage of the
Hall effect sensor increases with the mass
of metal debris generated by the magnetic

field from the permanent magnet . The
relationship between the average output voltage
of the Hall effect sensor and the metal particle
content with a maximum error of 13 mV.
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Product Reference Manual
SKU: AD00066

Description

The Arduino UNO R3 is the perfect board to get familiar with electronics and coding. This versatile microcontroller
is equipped with the well-known ATmega328P and the ATMega 16U2 Processor.
This board will give you a great first experience within the world of Arduino.

Target areas:

Maker, introduction, industries

1713 Arduino® UNO R3 Modified: 16/12/2022
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Features
= ATMega328P Processor
= Memory

= AVR CPU atup to 16 MHz
= 32KB Flash

= 2KB SRAM

= 1KB EEPROM

= Security

= Power On Reset (POR)
= Brown Out Detection (BOD)

= Peripherals

= 2x 8-bit Timer/Counter with a dedicated period register and compare channels

= 1x 16-bit Timer/Counter with a dedicated period register, input capture and compare channels
= 1x USART with fractional baud rate generator and start-of-frame detection

= 1x controller/peripheral Serial Peripheral Interface (SPI)

= 1x Dual mode controller/peripheral 12C

= 1x Analog Comparator (AC) with a scalable reference input

= Watchdog Timer with separate on-chip oscillator

= Six PWM channels

= Interrupt and wake-up on pin change

= ATMega16U2 Processor

= 8-bit AVR® RISC-based microcontroller

= Memory

= 16 KB ISP Flash

= 512B EEPROM

= 512B SRAM

= debugWIRE interface for on-chip debugging and programming

= Power

= 2.7-5.5volts

2/13 Arduino® UNO R3 Modified: 16/12/2022
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1 The Board

1.1 Application®Examples

The UNO board is the flagship product of Arduino. Regardless if you are new to the world of electronics or will use
the UNO as a tool for education purposes or industry-related tasks.

First entry to electronics: If this is your first project within coding and electronics, get started with our most used
and documented board; Arduino UNO. It is equipped with the well-known ATmega328P processor, 14 digital
input/output pins, 6 analog inputs, USB connections, ICSP header and reset button. This board includes everything
you will need for a great first experience with Arduino.

Industry-standard development board: Using the Arduino UNO board in industries, there are a range of
companies using the UNO board as the brain for their PLC's.

Education purposes: Although the UNO board has been with us for about ten years, it is still widely used for
various education purposes and scientific projects. The board's high standard and top quality performance makes
it a great resource to capture real time from sensors and to trigger complex laboratory equipment to mention a
few examples.

1.2 Related Products

= Starter Kit
= Tinkerkit Braccio Robot
= Example

2 Ratings

2.1 Recommended Operating Conditions

Conservative thermal limits for the whole board: -40 °C (-40°F) l 85 °C( 185°F)

NOTE: In extreme temperatures, EEPROM, voltage regulator, and the crystal oscillator, might not
work as expected due to the extreme temperature conditions

4/13 Arduino® UNO R3 Modified: 16/12/2022
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2.2 Power Consumption
Symbol Description Min |Typ |Max | Unit
VINMax Maximum input voltage from VIN pad 6 - 20 \
VUSBMax Maximum input voltage from USB connector 5.5 \'
PMax Maximum Power Consumption - XX mA

3 Functional Overview

3.1 Boa

Top view

rd Topology

. IoEE I§
Board topology
ke( P Description b ~ |Ref.  |Description S y7
X1 Power jack 2.1x5.5mm u1 SPX1117M3-L-5 Regulator
X2 USB B Connector u3 ATMEGA16U2 Module
PC1 EEE-1EA470WP 25V SMD Capacitor U5 LMV358LIST-A.9 IC
PC2 EEE-1EA470WP 25V SMD Capacitor F1 Chip Capacitor, High Density
D1 CGRA4007-G Rectifier ICSP Pin header connector (through hole 6)
J-ZU4 | ATMEGA328P Module ICSP1 Pin header connector (through hole 6)
Y1 ECS-160-20-4X-DU Oscillator

5/13
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3.2 Processor

The Main Processor is a ATmega328P running at up tp 20 MHz. Most of its pins are connected to the external
headers, however some are reserved for internal communication with the USB Bridge coprocessor.

3.3 Power Tree

m—m ——)[ ATMEGA16U2-MU(R) ]
m_\"ﬁ ATMEGA328P-PU

_)[ KPT-20812SGC (Green LED) ]

‘——)[ 4xKPT-2012YC (Yellow LED) J

—o— g

Legend:
D Component . Power I/O f) Conversion Type
. Max Current . Voltage Range
Power tree
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4 Board Operation

4.1 Getting Started - IDE

If you want to program your Arduino UNO while offline you need to install the Arduino Desktop IDE [1] To connect
the Arduino UNO to your computer, you'll need a Micro-B USB cable. This also provides power to the board, as
indicated by the LED.

4.2 Getting Started”™- Arduino Web Editor

All Arduino boards, including this one, work out-of-the-box on the Arduino Web Editor [2], by just installing a simple
plugin.

The Arduino Web Editor is hosted online, therefore it will always be up-to-date with the latest features and support
for all boards. Follow [3] to start coding on the browser and upload your sketches onto your board.

4.3 Getting Started-— Arduino-IoT Cloud

All Arduino loT enabled products are supported on Arduino loT Cloud which allows you to Log, graph and analyze
sensor data, trigger events, and automate your home or business.

4.4 Sample~Sketches

Sample sketches for the Arduino XXX can be found either in the “Examples” menu in the Arduino IDE or in the
“Documentation” section of the Arduino Pro website [4]

4.5 Online/ Resources

Now that you have gone through the basics of what you can do with the board you can explore the endless
possibilities it provides by checking exciting projects on ProjectHub [5], the Arduino Library Reference [6] and the
online store [7] where you will be able to complement your board with sensors, actuators and more

7/13 Arduino® UNO R3 Modified: 16/12/2022
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5 Connector Pinouts
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5.1 JANALOG
NC NC Not connected
2 IOREF IOREF Reference for digital logic V - connected to 5V
3 Reset Reset Reset
4 +3V3 Power +3V3 Power Rail
5 +5V Power +5V Power Rail
6 GND Power Ground
7 GND Power Ground
8 VIN Power Voltage Input
9 A0 Analog/GPIO Analog input 0 /GPIO
10 Al Analog/GPIO Analog input 1/GPIO
11 A2 Analog/GPIO Analog input 2 /GPIO
12 A3 Analog/GPIO Analog input 3/GPIO
T A4/SDA Analog input/12C Analog input 4/12C Data line
14 AS5/SCL Analog input/12C Analog input 5/12C Clock line

5.2 JDIGITAL

| Pi tiol

1 DO Digital/GPIO Digital pin 0/GPIO

v} D1 Digital/GPIO Digital pin 1/GPIO

3 D2 Digital/GPIO Digital pin 2/GPIO

4 D3 Digital/GPIO Digital pin 3/GPIO

5 D4 Digital/GPIO Digital pin 4/GPIO

6 D5 Digital/GPIO Digital pin 5/GPIO

7 D6 Digital/GPIO Digital pin 6/GPIO

8 D7 Digital/GPIO Digital pin 7/GPIO

9 D8 Digital/GPIO Digital pin 8/GPIO

10 D9 Digital/GPIO Digital pin 9/GPIO

1 SS Digital SPI Chip Select

12 MOSI Digital SPI1 Main Out Secondary In

13 MISO Digital SPI Main In Secondary Out

14 SCK Digital SPI serial clock output

15 GND Power Ground

16 AREF Digital Analog reference voltage

17 A4/SD4 Digital Analog input 4/I12C Data line (duplicated)
18 A5/SD5 Digital Analog input 5/12C Clock line (duplicated)

9/13
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5.3 Mechanical Information

5.4 Board Outline & Mounting Holes

-
4 x @126mi =3
4 x @3.20mm =
[600mil] -

2.54mm

15.24mm
Mounting Hold |- Vi om Top side (Scale 1:1)
& i |
o \ ? =E
g8
A\ 2
i Tk
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B
FE =9
EE
(=3
o ®©
S8
C\
V
* /
[2600mil]
66.04mm
Board outline
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6 Certifications

6.1 Declaration of Conformity~CE DoC™(El)

We declare under our sole responsibility that the products above are in conformity with the essential requirements
of the following EU Directives and therefore qualify for free movement within markets comprising the European
Union (EU) and European Economic Area (EEA).

ROHS 2 Directive 2011/65/EU
Conforms to: EN50581:2012
Directive 2014/35/EU. (LVD)

EN 60950-

g formatas 1:2006/A11:2009/A1:2010/A12:2011/AC:201 1

Directive 2004/40/EC & 2008/46/EC & 2013/35/EU,
EMF

Conforms to: EN 62311:2008

62 Declaratien-of,Conformity to EU RoHS™& REACH :22171-81/19 /2021

Arduino boards are in compliance with RoHS 2 Directive 2011/65/EU of the European Parliament and RoHS 3
Directive 2015/863/EU of the Council of 4 June 2015 on the restriction of the use of certain hazardous substances in
electrical and electronic equipment.

Lead (Pb)
Cadmium (Cd)

Mercury (Hg)

Hexavalent Chromium (Cr6+)
Poly Brominated Biphenyls (PBB)

Poly Brominated Diphenyl ethers (PBDE) 1000
Bis(2-Ethylhexyl} phthalate (DEHP) 1000
Benzyl butyl phthalate (BBP) 1000
Dibutyl phthalate (DBP) 1000
Diisobutyl phthalate (DIBP) 1000

Exemptions: No exemptions are claimed.

Arduino Boards are fully compliant with the related requirements of European Union Regulation (EC) 1907 /2006
concerning the Registration, Evaluation, Authorization and Restriction of Chemicals (REACH). We declare none of
the SVHCs (https://echa.europa.eu/web/guest/candidate-list-table), the Candidate List of Substances of Very High
Concern for authorization currently released by ECHA, is present in all products (and also package) in quantities
totaling in a concentration equal or above 0.1%. To the best of our knowledge, we also declare that our products
do not contain any of the substances listed on the "Authorization List" (Annex XIV of the REACH regulations) and
Substances of Very High Concern (SVHC) in any significant amounts as specified by the Annex XVII of Candidate list
published by ECHA (European Chemical Agency) 1907 /2006/EC.

11713 Arduino® UNO R3 Modified: 16/12/2022
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6.3 Conflict

As a global supplier of electronic and electrical components, Arduino is aware of our obligations with regards to
laws and regulations regarding Conflict Minerals, specifically the Dodd-Frank Wall Street Reform and Consumer
Protection Act, Section 1502. Arduino does not directly source or process conflict minerals such as Tin, Tantalum,
Tungsten, or Gold. Conflict minerals are contained in our products in the form of solder, or as a componentin
metal alloys. As part of our reasonable due diligence Arduino has contacted component suppliers within our supply
chain to verify their continued compliance with the regulations. Based on the information received thus far we
declare that our products contain Conflict Minerals sourced from conflict-free areas.

Any Changes or modifications not expressly approved by the party responsible for compliance could void the user’s
authority to operate the equipment.

This device complies with part 15 of the FCC Rules. Operation is subject to the following two conditions:
(1) This device may not cause harmful interference
(2) this device must accept any interference received, including interference that may cause undesired operation.
FCC RF Radiation Exposure Statement:
1. This Transmitter must not be co-located or operating in conjunction with any other antenna or transmitter.
2. This equipment complies with RF radiation exposure limits set forth for an uncontrolled environment.

3. This equipment should be installed and operated with minimum distance 20cm between the radiator &
your body.

English: User manuals for license-exempt radio apparatus shall contain the following or equivalent notice in a
conspicuous location in the user manual or alternatively on the device or both. This device complies with Industry
Canada license-exempt RSS standard(s). Operation is subject to the following two conditions:

(1) this device may not cause interference

(2) this device must accept any interference, including interference that may cause undesired operation of the
device.

French: Le présent appareil est conforme aux CNR d'Industrie Canada applicables aux appareils radio exempts de
licence. L'exploitation est autorisée aux deux conditions suivantes :

(1) I appareil nedoit pas produire de brouillage

(2) I'utilisateur de I'appareil doit accepter tout brouillage radioélectrique subi, méme si le brouillage est susceptible
d’en compromettre le fonctionnement.

IC SAR Warning:

English This equipment should be installed and operated with minimum distance 20 cm between the radiator and
your body.

French: Lors de " installation et de I exploitation de ce dispositif, la distance entre le radiateur et le corps est d ‘au
moins 20 cm.

12713 Arduino® UNO R3 Modified: 16/12/2022
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Important: The operating temperature of the EUT can't exceed 85°C and shouldn't be lower than -40°C.

Hereby, Arduino S.r.l. declares that
provisions of Directive 2014/53/EU.

8 Company Informa

this product is in compliance with essential requirements and other relevant
This product is allowed to be used in all EU member states.

tion

Companyame

madti YT —— N\

Company Address

Via Andrea Appiani 25 20900 MONZA Italy

9 Reference Docum

| Arduino IDE
(Desktop)

https://www.arduino.cc/en/Main/Software

entation

Arduino IDE (Cloud) https://create.arduino.cc/editor

Cloud IDE Getting https://create.arduino.cc/projecthub/Arduino_Genuino/getting-started-with-arduino-

Started web-editor-4b3eda

Arduino Pro Website | https://www.arduino.cc/pro

Project Hub https://create.arduino.cc/projecthub?by=part&part_id=11332&sort=trending
Library Reference https://www.arduino.cc/reference/en/

Online Store https://store.arduino.cc/
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ALLEGRO A1301 and A1302

Continuous-Time Ratiometric Linear Hall-Effect Sensor ICs

Discontinued Product

This device is no longer in production. The device should not be
purchased for new design applications. Samples are no longer available.

Date of status change: August 30, 2017

Recommended Substitutions: A1308

For existing customer transition, and for new customers or new appli-
cations, contact Allegro Sales.

NOTE: For detailed information on purchasing options, contact your
local Allegro field applications engineer or sales representative.

Allegro MicroSystems reserves the right to make, from time to time, revisions to the anticipated product life cycle plan for a
product to accommodate changes in production capabilities, alternative product availabilities, or market demand. The infor-
mation included herein is believed to be accurate and reliable. However, Allegro MicroSystems assumes no responsibility for
its use; nor for any infringements of patents or other rights of third parties which may result from its use.




ALLEGRO

microsystems

A1301 and A1302

Continuous-Time Ratiometric Linear Hall-Effect Sensor ICs

FEATURES AND BENEFITS

« Low-noise output

+ Fast power-on time

« Ratiometric rail-to-rail output

* 4.5t0 6.0 V operation

* Solid-state reliability

+ Factory-programmed at end-of-line for optimum
performance

« Robust ESD performance

Packages:

3-Pin SOT23W (suffix LH) 3-Pin SIP (suffix UA)

Not to scale

DESCRIPTION

The A1301 and A 1302 are continuous-time, ratiometric, linear
Hall-effectsensor ICs. They are optimized toaccurately provide
a voltage output that is proportional to an applied magnetic
field. These devices have a quiescent output voltage that is
50% of the supply voltage. Two output sensitivity options
are provided: 2.5 mV/G typical for the A1301, and 1.3 mV/G
typical for the A1302.

The Hall-effect integrated circuit included in each device
includes a Hall circuit, a linear amplifier, and a CMOS Class A
output structure. Integrating the Hall circuit and the amplifier
on a single chip minimizes many of the problems normally
associated with low voltage level analog signals.

High precision in output levels is obtained by internal gain
and offset trim adjustments made at end-of-line during the
manufacturing process.

These features make the A1301 and A1302 ideal for use in
position sensing systems, for both linear target motion and
rotational target motion. They are well-suited for industrial
applications over extended temperature ranges, from —40°C
to 125°C.

Two device package types are available: LH, a 3-pin SOT23W
type for surface mount, and UA. a 3-pin ultramini SIP for
through-hole mount. They are lead (Pb) free (suffix, —7) with
100% matte tin plated leadframes.

Functional Block Diagram

A1301-DS, Rev. 24
MCO-0000597

March 6, 2020

110



A1301 and
A1302

Continuous-Time Ratiometric Linear Hall-Effect Sensor ICs

SPECIFICATIONS
Selection Guide
Part Number Packing* Package Ambient, Ty Sensitivity (Typical)
A1301EUA-T Bulk, 500 pieces/bag SIP -40°C to 85°C
A1301KLHLT-T 7-in_ reel, 3000 pieces/reel Surface Mount 25 mVIG
A1301KLHLX-T 13-in_reel, 10000 pieces/reel Surface Mount —40°C to 125°C
A1301KUA-T Bulk, 500 pieces/bag SIP
A1302ELHLT-T 7-in. reel, 3000 pieces/reel Surface Mount
2 3 —40°C to 85°C
A1302ELHLX-T 13-in. reel, 10000 pieces/reel Surface Mount
A1302KLHLT-T 7-in_reel, 3000 pieces/reel Surface Mount 1.3 mVIG
A1302KLHLX-T 13-in. reel, 10000 pieces/reel Surface Mount —-40°C to 125°C
A1302KUA-T Bulk, 500 pieces/bag SIP
*Contact Allegro™ for additional packing options
Absolute Maximum Ratings
Characteristic Symbol Notes Rating Units
Supply Voltage Vee 8 \"
Output Voltage Vour 8 \4
Reverse Supply Voltage Vice =01 \
Reverse Output Voltage VRout =01 v
Output Sink Current lout 10 mA
_ Range E —40 t0 85 °Cc
Operating Ambient Temperature Ta
Range K —40to 125 °C
Maximum Junction Temperature T,(max) 165 °C
Storage Temperature Tetg —6510 170 °C
3
r_I
U U
b UEIR|
Package LH SOT23W Pin-out Diagram Package UA, 3-Pin SIP Pin-out Diagram
Terminal List
Symbol Package LH | Package UA Descyiption
VCC 1 1 Connects power supply to chip
VOuUT 2 3 Output from circuit
GND 3 2 Ground
2
.ﬁ o Allegro MicroSystems

ALLEGRO

microsystems

955 Perimeter Road
Manchester, NH 03103-3353 U.SA.
www allegromicro.com
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A1301 and
A1302

Continuous-Time Ratiometric Linear Hall-Effect Sensor ICs

DEVICE CHARACTERISTICS over operating temperature range, Ty, and Vce = 5 V, unless otherwise noted

Characteristic [ Symbol Test Conditions | Min. l Typ. LMax. l Units
Electrical Characteristics
Supply Voltage Vee Running, T; <165°C 45 - 6 \4
Supply Current lec Output open = 1" mA
Vout(High) | !source =—1mA, Sens = nominal 465 47 = Vv
Output Volt:
oRage Voution) 'S = 1 MA, Sens = nominal Z 02 | 025 | V
Output Bandwidth BW - 20 - kHz
Vec(miny 10 0.95 Vo B = +1400 G; -
pPowggn Time teo Slew rate = 4.5 V/jis to 4.5 V/100 ns ¥ 3 bs
Output Resistance Royr Igink SA.MA, lsoupce 2=1MA - 2 5 Q
! Extemal output low pass filter < 10 kHz, _ _
Wide Band Output Noise, rms Voum Sere Y dronat 150 %
Ratiometry
Quiescent Output Voltage Error with 2 AN A _
respect o AVec! AVoutqy | Ta= 25°C +3.0 %
Magnetic Sensitivity Error with S v _
Repodi® av 2 ASensy)  |Ta= 25°C 3.0 %
Output
Linearity l Lin JTA A25°@ [ - [ & | +25 %
Symmetry | . Sym  [Ta=25°C | - loa- 4230 %
Magnetic Characteristics
Quiescent Output Voltage Voute B=0G; Tp= 25°C 24 25 26 Y
Magnetic Sensitivity s A1301, Ty = 25°C 20 25 30 mV/G
9 A1302To= 25°C 10 13 16 | mvic
Magnetic Sensitivity over Operating Sens A1301 18 - 32 mV/IG
Temperature Range (ATa)  [A1302 0.85 - 175 | mViG
1Refer to equation (4) in Ratiometric section on page 4.
2Refer to equation (5) in Ratiometric section on page 4.
Allegro MicroSystems
955 Perimeter Road

ALLEGRO

microsystems

Manchester, NH 03103-3353 U.S A
‘www allegromicro.com
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A1301 and

Continuous-Time Ratiometric Linear Hall-Effect Sensor ICs

A1302

CHARACTERISTIC DEFINITIONS

Quiescent Output Voltage

In the quiescent state (no significant magnetic field: B = 0),

the output, Voyrq, equals one half of the supply voltage, Ve,
throughout the entire operating ranges of V. and ambient
temperature, Ty. Due to internal compenent tolerances and ther-
mal considerations, there is a tolerance on the quiescent output
voltage, AVqoyrq, Which is a function of both AVpe and AT,. For
purposes of specification, the quiescent output voltage as a func-
tion of temperature, AVgypqst - i defined as:

Vourqry) — VoutQ@sc)
AVouTQUTy =P T A (1)
Sens(2s5e¢)
where Sens is in mV/G, and the result is the device equivalent
accuracy, in gauss (G), applicable over the entire operating tem-
perature range.

Sensitivity

The presence of a south-polarity (+B) magnetic field, perpen-
dicular to the branded face of the device package, increases the

output voltage, Vo, in proportion to the magnetic field applied,

from Vouq toward the Ve rail. Conversely, the application
of a north polarity (-B) magnetic field, in the same orientation,

Ratiometric

The A1301 and A1302 feature a ratiometric output. This means
that the quiescent voltage output, Voyrq, and the magnetic sen-
sitivity, Sens, are proportional to the supply voltage, V.

The ratiometric change (%) in the quiescent voltage output is
defined as:

Vom‘Q(\'cc)/ Vourqsv)
Vee /5V

and the ratiometric change (%) in sensitivity is defined as:

AVoutQ(av) = X 100% (4)

Sens, Sens
ASens(ay) = = A e / o5 % 100% (5)
Vee/ SV
Linearity and Symmetry

The on-chip output stage is designed to provide linear output at
a supply voltage of 5 V. Although the application of very high
magnetic fields does not damage these devices, it does force
their output into a nonlinear region. Linearity in percent is mea-
sured and defined as:

Vout(-8) — Youtq

proportionally decreases the output voltage from its quiescent T ¢ £ 1oa B, —m— x100%  (6)
value. This proportionality is specified as the magnetic sensitiv-
ity of the device and is defined as: ) >
ouT-B) — Youtq
Vours) — YoutB) @) Lin- = ——————— % 100% 7
Sens = pi-"- " 1 2(Vout(-s%) — VourQ)
The stability of the device magnetic sensitivity as a function of AndGutput symmetryas:
ambient temperature, ASens (7, (%) is defined as:
Sens(r,) — Senssc) Vours) ~ VouT
Asensgar,)= —— "€ 1 100% (3) fom = — O\ VO 0% (8)
Sensgsc) Voutq— Vour(-s)
4

ALLEGRO

Allegro MicroSystems
955 Perimeter Road
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A1301 and

A1302

Continuous-Time Ratiometric Linear Hall-Effect Sensor ICs

TYPICAL CHARACTERISTICS

(30 pieces, 3 fabrication lots)

1301 Device Sensitivity vs. Ambient Temperature

1302 Device Sensitivity vs. Temperature

Supply Voltage (V)

265 S 1.40
\
60 y ra) 1.38 /‘.
24 UA Package
s UA Package ~ 1.36
of.4 S
£/ v M7 g2 Pae -
> ! 2132
2 2% | = / /
2 £
2 b5 LH Package g 1.30 e
0 oz d ‘ 5 voa| o A A Hpaskage
|
0 : Pl
2351 & ff Peeed ¥ FOQ B/ ) 124
-50 256 0 25 80 75 100126 150 -50 -25° 0 25 50 75 100 125 150
Tenperature (°C) Temperature (°C)
1301 Device Vg vs. Ambient Temperature 1302 Device Vg VSs. Ambient Temperature
260 260
g 255 S 255
2 )
3 ! %
> 250 - S 20— ——r
2 2
= | £
O 245 ©,.245
|
240 240
-50 =25 0 25 50 75 100 125 150 50 26 0 25 50 75 /100 125 150
Temperature (°C) Temperature (°C)
1301 Device Sensitivity vs. Supply Voltage 1302 Device Sensitivity vs. Supply Voltage
35 1.7
16 A
& 30 = 3 15
E E 14
= 125 z /
2 &
2 / g i
& 20 3 12
11
1.5 1.0
45 5.0 55 6.0 45 50 55 6.0

Supply Voltage (V)

Continued on the next page...
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TYPICAL CHARACTERISTICS CONTINUED

(30 pieces, 3 fabrication lots)

1301 Device Vourq vs: Supply Voltage 1302 Device Vourq vs. Supply Voltage
35 & — B\ 35
S 30 . - L
g g
g / 2 /
S 25 SIS
s / ] /
5
© o0 i 20
\
nS — 1.5 '
45 5.0 55 6.0 4 50 55 60
Supply Voltage (V) Supply Voltage (V)
1301 Device LIN+ and LIN- vs. Supply Voltage 1302 Device LIN+ and LIN-vs_ Supply Voltage
1004 100.0
e - N LIN+ /
LV \ 999 . ¥
1002
X 1001 > 998
] g LIN-
£ 1000 €
7} LIN+\ = 997
99.9
99.6
LR oo% S el 45 50 55 6.0
Supply Voltage (V) Supply Voltage (V)
1301 Device Symmetry vs. Supply Voltage 1302 Device Symmetry vs. Supply Voltage
100.0 - 1005 1
999 f 1004
998 i 100.3:
. 997 — . = 1002 S
£ 996 B £ 1001 ’
2 995 £ 1000
g 994 E 999
& 993 [ 998
992 997
99.1 996
99,‘:
99V04.5 50 55 6.0 45 50 55 6.0
Supply Voltage (V) Supply Voltage (V)
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CUSTOMER OUTLINE DRAWINGS

For Reference Only - Not for Tooling Use
(Reference DWG-2840)
Dmenslons in milimeters ~NOT TO SCALE
Dimensions exclusive of mokd flash, gate burrs, and dambar provusions.
Exact ease and lead configuration at supplier discretion witin Bmits shown

S

«— B —p

29 "'—'—k Y

£\ PCB Layout Reference View

/‘\ & {07 REF [ fided FoX .
ih \ mto 1
\_Q N ¢ NN

t—o 151010 u - u ’
= /A Standard Branding Reference View
0%5BSC - P 0404010 N = Last three digits of device part number
A\ Actve Acea Degith, 028 om

/A\ Reference and pattern ayaut
Allpads a minimum of 020 mm from all adjacent pads; adjust as necessary
1o meet applicalion process. requirements and PCB layout tolerances

A Brandng scale and appearance atsupplier discretion
/D\ Hal elements, nct to seale

Figure 1: Package LH, 3-Pin; (SOT-23W)
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21 gg; and Continuous-Time Ratiometric Linear Hall-Effect Sensor ICs

For Reference Only - Not for Tooling Use
(Reference DWG-9065)
Dimensions in milmeters =~ NOT TO SCALE
Dimensions exclusive of mold flash, gale burrs, and dambar protrusions.
Exact case and lead configuration at'supper discretion wihin imits shown
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i !
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|
14992025 I
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‘ /0\ Standard Branding Reference View
l A - suppler emviem
[ N’ = Last three digits of device part number
]
!
' & Dambar removal protrusion (6X)
V
' Gate and tie bar burr area
I' /0\ Actve Area Degth, 050mm REF
! A Branding scale and appearance at supplier discretion
v Al i 0 i
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Figure 2: Package UA, 3-Pin SIP
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Revision History

Revision Revision Date D of Revisi
18 April 26, 2013 Update UA package drawing
19 January 1, 2015 Add LX option to Selection Guide
20 July 13, 2015 Corrected LH package Active Area Depth value
21 December 1,2015 | Updated product status to “Not for New Design”
22 December 5, 2016 Updated product status to “Last Time Buy”
23 February 14, 2019 Updated product status to “Discontinued”
24 March 6, 2020 Minor editorial updates

Copyright 2020, Allegro MicroSystems.

Allegro MicroSystems reserves the right to make, from time to time, such departures from the detail specifications as may be required to permit
improvements in the performance, reliability, or manufacturability of its products. Before placing an order, the user is cautioned to verify that the
information being relied upon is current.

Allegro’s products are not to be used in any devices or systems, including but not limited to life support devices or systems, in which a failure of

ALIEEIO Nl asonao O€ €Xpecied 10 Cause a1l fari

The information included herein is believed to be accurate and reliable. However, Allegro MicroSystems no responsibility for its use; nor
for any infringement of patents or other rights of third parties which may result from its use.

Copies of this document are considered uncontrolled documents.

For the latest version of this document, visit our website:

www.allegromicro.com
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ANALOG
DEVICES

Precision
Instrumentation Amplifier

AD524

FEATURES

Low Noise: 0.3 uV p-p 0.1 Hz to 10 Hz

Low Nonlinearity: 0.003% (G = 1)

High CMRR: 120 dB (G = 1000)

Low Offset Voltage: 50 pV

Low Offset Voltage Drift: 0.5 pV/°C

Gain Bandwidth Product: 25 MHz

Pin Programmable Gains of 1, 10, 100, 1000

Input Protection, Power On-Power Off

No External Components Required

Internally Compensated

MIL-STD-883B and Chips Available

16-Lead Ceramic DIP and SOIC Packages and
20-Terminal Leadless Chip Carriers Available

Available in Tape and Reel in Accordance
with EIA-481A Standard

Standard Military Drawing Also Available

PRODUCT DESCRIPTION

The AD524 is a precision monolithic instrumentation amplifier
designed for data acquisition applications requiring high accu-
racy under worst-case operating conditions. An outstanding
combination of high linearity, high common mode rejection, low
offset voltage drift and low noise makes the AD524 suitable for
use in many data acquisition systems.

The AD524 has an output offset voltage drift of less than 25 uV/*C,
input offset voltage drift of less than 0.5 pV/°C, CMR above

90 dB at unity gain (120 dB at G = 1000) and maximum non-
linearity of 0.003% at G = 1. In addition to the outstanding dc
specifications, the AD524 also has a 25 kHz gain bandwidth
product (G = 1000). To make it suitable for high speed data
acquisition systems the AD524 has an output slew rate of 5 Vius
and settles in 15 ps to 0.01% for gains of 1 to 100.

As a complete amplifier the AD524 does not require any exter-
nal components for fixed gains of 1, 10, 100 and 1000. For
other gain settings between 1 and 1000 only a single resistor is
required. The AD524 input is fully protected for both power-on
and power-off fault conditions.

The AD524 IC instrumentation amplifier is available in four
different versions of accuracy and operating temperature range.
The economical “A” grade, the low drift “B” grade and lower
drift, higher linearity “C” grade are specified from —25°C to
+85°C. The “S” grade guarantees performance to specification
over the extended temperature range -55°C to +125°C. Devices
are available in 16-lead ceramic DIP and SOIC packages and a
20-terminal leadless chip carrier.

REV.E

Information furnished by Analog Devices is believed to be accurate and
reliable. However, no responsibility is assumed by Analog Devices for its
use, nor for any infringements of patents or other rights of third parties
which may result from its use. No license is granted by implication or
otherwise under any patent or patent rights of Analog Devices.

FUNCTIONAL BLOCK DIAGRAM

PRODUCT HIGHLIGHTS
1. The AD524 has guaranteed low offset voltage, offset voltage
drift and low noise for precision high gain applications.

R

The AD524 is functionally complete with pin programmable
gains of 1, 10, 100 and 1000, and single resistor program-
mable for any gain.

%

Input and output offset nulling terminals are provided for
very high precision applications and to minimize offset volt-
age changes in gain ranging applications.

o

The AD524 is input protected for both power-on and power-
off fault conditions.

ul

. The AD524 offers superior dynamic performance with a gain
bandwidth product of 25 MHz, full power response of 75 kHz
and a settling time of 15 pis to 0.01% of a 20 V step (G = 100).

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
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AD 524_SPEC I FI CATIU NS (@Vs = =15V, R, = 2 k2 and Ty = +25°C unless otherwise noted)

ADS524A AD524B ADS524C AD524S
Model Min Typ Max Typ Max Min Typ Max Min Typ Max | Units
GAIN
Gain Equation I it |
(Extemal Resistor Gain | 220000, )+ 20% p 20000y it 209, (20,000 it 20 20,000 4 4 #20%
Programming) [ Rg il | Rg [ | Rs [ | || Rg il
Gain Range (Pin Programmable) 1 to 1000 1 to 1000 1 to 1000 1 to 1000
Gain Error'
G=1 *0.05 %0.03 %0.02 *0.05 | %
G=10 *0.25 *0.15 *0.1 *0.25| %
G=100 *0.5 *0.35 +0.25 +0.5 | %
G = 1000 EIX ] *1.0 +0.5 2.0 | %
Nonlinearity
G=1 0.01 £0.005 +0.003 20.01 | %
20,01 £0.005 +0.003 20.01 | %
0.01 %0.01 0.01 20.01 | %
5 5 5 5 ppm/°C
15 10 10 10 ppm/°C
35 25 25 25 ppm°C
100 50 50 50 | ppm°C
VOLTAGE OFFSET (May be Nulled)
Input Offset Voltage 250 100 50 100 w
vs. Temperature 2 0.75 0.5 2.0 pvrc
Output Offset Voltage 5 3 2.0 3.0 mV
vs. Temperature 100 50 25 50 pvrc
Offset Referred to the
Input vs. Supply
G=1 70 75 80 75 dB
G=10 85 95 100 95 dB
G =100 9% 105 110 105 dB
G = 1000 100 110 115 110 dB
INPUT CURRENT
Input Bias Current =50 *25 =15 *50 |nA
vs. Temperature £100 £100 £100 4100 pA°C
Input Offset Current *15 *10 nA
vs. Temperature %100 100 100 %100 pA°C
INPUT
Input Impedance
Differential Resistance 107 10" 10° 10" []
Differential Capacitance 10 10 10 10 pF
Common-Mode Resistance 10° 10 10° 10 Q
Common-Mode Capacitance 10 10 10 10 pF
Input Voltage Range
Max Differ. Input Linear (Vpr)* *10 10 *10 *10
\ '
Max Common-Mode Linear (V¢y,) 12V %xvm 2V- .(.;_)(V”;< 12V- Eivni‘ 12V= Exvn(;
Common-Mode Rejection dc to ! 2 ’ 2 2
60 Hz with 1 kQ Source Imbalance
G=1 70 75 80 70 dB
G=10 9% 95 100 9% dB
G =100 100 105 110 100 dB
G =1000 110 115 120 110 dB
OUTPUT RATING
Vour; Re =2kQ *10 *10 10 10 ¥
DYNAMIC RESPONSE
Small Signal - 3 dB
= 1 1 1 1 MHz
G=10 400 400 400 400 kHz
G=100 150 150 150 150 kHz
G=1000 23 25 25 25 kHz
Slew Rate 5.0 5.0 5.0 5.0 Vigs
Settling Time to 0.01%, 20 V Step
G=110100 15 15 15 15 Ws
G=1000 75 5 75 75 Bs
NOISE
Voltage Noise, 1 kHz
RTL 7 7 7 7 nV/AHz
RT.O. 90 90 90 90 nV:
RTI,0.1Hzto 10 Hz
G 15 15 15 15 Wopp
G=10 2 2 2 2 BVp-p
G = 100, 1000 0.3 03 0.3 03 PVp-p
Current Noise
0.1 Hzto 10 Hz 60 60 60 60 PA p-p
-2- REV.E
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ADSUA ADS524B ADS524C AD5248

Model Min  Typ Max Typ Typ Min Typ Max | Units
SENSE INPUT

Ruy 20 20 20 20 K £20%

I 15 15 15 15 pA

Voltage Range +10 $10 £10 +10 \'

Gain to Output 1 1 1 1 %
REFERENCE INPUT

Rx 40 40 40 40 kQ £20%

In 15 15 15 15 pA

Voltage Range %10 110 10 10 N

Gain to Output 1 1 1 1 %
TEMPERATURE RANGE

Specified Performance -25 +85 -25 +85 =25 +85 =55 +125 | °C

Storage -65 +150 | -65 +150 | 65 +150 -65 +150 | °C
POWER SUPPLY

Power Supply Range *6 gL 15 =18 *6 %15 =18 =6 %15 *18 =6 %15 %18 |V

Quiescent Current 3.5 5.0 A5 5.0 p 5.0 3.5 5.0 mA
NOTES

' Does not include effects of external resistor Ro.
“Voi. is the maximum differential input voltage at G = 1 for specified nonlinearity.

Vpr. at the maximum = 10 V/G.

Vp= Actual differential input voltage.
Example: G = 10, Vp = 0.50.

Vo =12V -(102x 050 V) =9.5 V.

Specification subject to'change without notice.

All min and max are

calculate outgoing quality levels.

REV. E

O

shown in boldface are tested on all production units at final electrical test. Results from those tests are used to
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AD524

ABSOLUTE MAXIMUM RATINGS'
Supply Voltage .. .. .. .. .. .00 0NQ NG N N
Internal Power Dissipation

CONNECTION DIAGRAMS

Ceramic (D) and

Input Voltage® SOIC (R) Packages
(Either Input Simultaneously) |Viy| + [Vs} ..o <36V
Output Short Circuit Duration . ................ Indefinite -ineuT [ [1s] RGy
Storage Temperature Range +INPUT [Z] [5] ouTPUT NULL
(63 4V (SERRTY | Mpameeeny | 4 -65°C to +125°C RG, 3] 1] OUTPUT NULL
@ ... csermn Al R -65°C to +150°C INPUTNULL [5]  AD524 [5] G=10 ) spoRrtTO
Operating Temperature Range INPUT NULL [3] (N';":’o";?_"m 2] G=100 % RG; FOR
AP524ABIC ... v PPl . . L A ~25°C 1o +85°C REFERENCE [£] 7] G- 1000 ) AN
AD524S gy . .. L L L7 .. N e -55°C to +125°C v [7 ] sensE
- o =V
Lead Temperature (Soldering 60 secs) ............ +300°C e [5] Floureur
NOTES
! Stresses above those listed under Absolute Maximum Ratings may cause permanent 4 15
damage to the device. This is a stress rating only; functional operation of the device at W, V.
.hm{ or any other condi]u’oa,s Ebow those inﬁa;led in the operational scct;nn of t?is s ol OU.",‘;
specification is not implied. Exposure to absolute maximum rating conditions for
extended periods ;nny nﬂe::l device reliability. i OpFSEINR I OFSERNEL
2Max input voltage specification refers to maximum vnlta&c to which either input
terminal may be raised with or without device power applied. For example, with£18
volt supplies max Vyyis 18 volts, with zero supply voltage max Vyy is 36 valts.
dl C:
METALIZATION PHOTOGRAPH VALY BN & -
Contact factory for latest dimensions. 5
Dimensions shown in inches and (mm). E E 2
oureur Fredss
e 6ol P N5 Y
RG, 4 18 OUTPUT NULL
INPUT NU& : AD524 :: '(jc- 10 gg?}:{,{o
INPUTNULL 7| TOPVIEW | cys G- 100 — DESIRED
REFERENCE ¢ 14 G = 1000 - GAIN
9 10 11 12 13
5 2 5 f QUC-NogDugTT
4
4 5 6 4"
INPUT INPUT REFERENCE +Vs { } Vs
NULL NULL INPUT Lo 5 180 OUTPUT
I ~{0.170 (4.33)} OFFSET NULL OFFSET NULL
PAD NUMBERS CORRESPOND TO PIN NUMBERS FOR THE
D-16 AND R-16 16-PIN CERAMIC PACKAGES.
ORDERING GUIDE
Model Temperature Ranges Package Descriptions Package Options
AD524AD —40°C to +85°C 16-Lead Ceramic DIP D-16
AD524AE —40°C to +85°C 20-Terminal Leadless Chip Carrier E-20A
AD524AR-16 -40°C to +85°C 16-Lead Gull-Wing SOIC R-16
AD524AR-16-REEL -40°C to +85°C Tape & Reel Packaging 13"
AD524AR-16-REEL7 —40°C to +85°C Tape & Reel Packaging 7"
AD524BD -40°C to +85°C 16-Lead Ceramic DIP D-16
AD524BE —40°C to +85°C 20-Terminal Leadless Chip Carrier E-20A
AD524CD —40°C to +85°C 16-Lead Ceramic DIP D-16
AD524SD -55°C to +125°C 16-Lead Ceramic DIP D-16
AD524SD/883B -55°C to +125°C 16-Lead Ceramic DIP D-16
5962-8853901EA* -55°C to +125°C 16-Lead Ceramic DIP D-16
AD524SE/883B -55°C to +125°C 20-Terminal Leadless Chip Carrier E-20A
AD524SCHIPS -55°C to +125°C Die
“Refer to official DESC drawing for tested specifications.
CAUTION

ESD (electrostatic discharge) sensitive device. Electrostatic charges as high as 4000 V readily
accumulate on the human body and test equipment and can discharge without detection.
Although the AD524 features proprietary ESD protection circuitry, permanent damage may
occur on devices subjected to high energy electrostatic discharges. Therefore, proper ESD
precautions are recommended to avoid performance degradation or loss of functionality.

WARNING!
P =]

ESD SENSITIVE DEVICE

sl

REV. E
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AD524-Typical Characteristics
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Figure 28 Simplified Circuit of Amplifier; Gain Is Defined as
((R56 + R57)/(Rg)) + 1. For a Gain of 1, Rg Is an Open Circuit

Theory of Operation

The AD524 is a monolithic instrumentation amplifier based on
the classic 3 op amp circuit. The advantage of monolithic con-
struction is the closely matched components that enhance the
performance of the input preamp. The preamp section develops
the programmed gain by the use of feedback concepts. The
programmed gain is developed by varying the value of R (smaller
values increase the gain) while the feedback forces the collector
currents Q1, Q2, Q3 and Q4 to be constant, which impresses
the input voltage across Rg.-

As Rg is reduced to increase the programmed gain, the trans-
conductance of the input preamp increases to the transconduct-
ance of the input transistors. This has three important advantages.
First, this approach allows the circuit to achieve a very high
open loop gain of 3 x 10% at a programmed gain of 1000, thus
reducing gain-related errors to a negligible 30 ppm. Second, the
gain bandwidth product, which is determined by C3 or C4 and
the input transconductance, reaches 25 MHz. Third, the input
voltage noise reduces to a value determined by the collector
current of the input transistors for an RTI noise of 7 nVAHz at
G =1000.

INPUT PROTECTION

As interface amplifiers for data acquisition systems, instrumen-
tation amplifiers are often subjected to input overloads, i.e.,
voltage levels in excess of the full scale for the selected gain
range. At low gains, 10 or less, the gain resistor acts as a current
limiting element in series with the inputs. At high gains the
lower value of Rg will not adequately protect the inputs from
excessive currents. Standard practice would be to place series
limiting resistors in each input, but to limit input current to
below 5 mA with a full differential overload (36 V) would re-
quire over 7k of resistance which would add 10 nVNHz of noise.
To provide both input protection and low noise a special series
protect FET was used.

A unique FET design was used to provide a bidirectional cur-
rent limit, thereby, protecting against both positive and negative
overloads. Under nonoverload conditions, three channels CH,,
CHj, CH,, act as a resistance (=1 kQ) in series with the input as
before. During an overload in the positive direction, a fourth
channel, CH}, acts as a small resistance (=3 kQ) in series with
the gate, which draws only the leakage current, and the FET
limits Igs. When the FET enhances under a negative overload,
the gate current must go through the small FET formed by CH;
and when this FET goes into saturation, the gate current is
limited and the main FET will go into controlled enhancement.
The bidirectional limiting holds the maximum input current to
3 mA over the 36 V range.

INPUT OFFSET AND OUTPUT OFFSET

Voltage offset specifications are often considered a figure of
merit for instrumentation amplifiers. While initial offset may be
adjusted to zero, shifts in offset voltage due to temperature
variations will cause errors. Intelligent systems can often correct
for this factor with an autozero cycle, but there are many small-
signal high-gain applications that don’t have this capability.

= 1pF $16.2kQ

162MQ 1.82kQ

Figure 29. Noise Test Circuit
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Voltage offset and drift comprise two components each; input
and output offset and offset drift. Input offset is that component
of offset that is directly proportional to gain i.e., input offset as
measured at the output at G = 100 is 100 times greater than at
G = 1. Output offset is independent of gain. At low gains, out-
put offset drift is dominant, while at high gains input offset drift
dominates. Therefore, the output offset voltage drift is normally
specified as drift at G = 1 (where input effects are insignificant),
while input offset voltage drift is given by drift specification at a
high gain (where output offset effects are negligible). All input-
related numbers are referred to the input (RTT) which is to say
that the effect on the output is “G” times larger. Voltage offset
vs. power supply is also specified at one or more gain settings
and is also RTL.

By separating these errors, one can evaluate the total error inde-
pendent of the gain setting used. In a given gain configuration
both errors can be combined to give a total error referred to the
input (R.T.L.) or output (R.T.O.) by the following formula:

Total Error R.T 1. = input error + (output error/gain)
Total Error R.T.O. = (Gain x input error) + output error

As an illustration, a typical AD524 might have a +250 IV out-
put offset and a -50 IV input offset. In a unity gain configura-

tion, the zotal output offset would be 200 JIV or the sum of the

two. At a gain of 100, the output offset would be 4.75 mV or:
4250 IV + 100(=50 V) = -4.75mV.

The AD524 provides for both input and output offset adjust-
ment. This simplifies very high precision applications and mini-
mize offset voltage changes in switched gain applications. In
such applications the input offset is adjusted first at the highest
programmed gain, then the output offset is adjusted at G = 1.

GAIN

The AD524 has internal high accuracy pretrimmed resistors for
pin programmable gain of 1, 10, 100 and 1000. One of the
preset gains can be selected by pin strapping the appropriate
gain terminal and RG; together (for G = 1 RG; is not connected).

INPUT
IS OFFSET

~INPUT O

Figure 30. Operating Connections for G = 100

The AD524 can be configured for gains other than those that
are internally preset; there are two methods to do this. The first
method uses just an external resistor connected between pins 3
and 16, which programs the gain according to the formula

o 40k
G=-1

(see Figure 31).

REV. E

For best results R should be a precision resistor with a low
temperature coefficient. An external R; affects both gain accuracy
and gain drift due to the mismatch between it and the internal
thin-film resistors. Gain accuracy is determined by the tolerance
of the external R; and the absolute accuracy of the internal resis-
tors (£20%). Gain drift is determined by the mismatch of the
temperature coefficient of R; and the temperature coefficient of
the intemal resistors (- 50 ppm/°C typ).

+Vg

our

O REFERENCE

40,000 .4 _
_s G WH 20 +20%

Figure 31. Operating Connections for G = 20
The second technique uses the internal resistors in parallel with
an external resistor (Figure 32). This technique minimizes the

gain adjustment range and reduces the effects of temperature
coefficient sensitivity.

*Rlg - 40 = 4444440 Vg
“Rlg - 100 = 404.040
*Rlg - 1000 = 40.040

“NOMINAL (+20%)

Figure 32. Operating Connections for G = 20, Low Gain
T.C. Technique

The AD524 may also be configured to provide gain in the out-
put stage. Figure 33 shows an H pad attenuator connected to
the reference and sense lines of the AD524. R1, R2 and R3
should be made as low as possible to minimize the gain variation
and reduction of CMRR. Varying R2 will precisely set the gain
without affecting CMRR. CMRR is determined by the match of
R1 and R3.

+Vg
o)

R1
2.26k02

-INPUT
R2
I G
R
R3
+INPUT 0 226k2 V

- (R21140Kk0) + R1+ R3 N,

v
(R2IHOKD) (R1+R2+R3)|R, = 2k

Figure 33. Gain of 2000
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Table I. Output Gain Resistor Values

Output Nominal

Gain R2 R1, R3 Gain

2 5 kQ 2.26 kQ 2.02

5 1.05 kQ 2.05 kQ 5.01

10 1kQ 4.42 kKQ 10.1
INPUT BIAS CURRENTS

Input bias currents are those currents necessary to bias the input
transistors of a dc amplifier. Bias currents are an additional
source of input error and must be considered in a total error
budget. The bias currents, when multiplied by the source resis-
tance, appear as an offset voltage. What is of concern in calculat-
ing bias current errors is the change in bias current with respect to
signal voltage and temperature. Input offset current is the differ-
ence between the two input bias currents. The effect of offset
current is an input offset voltage whose magnitude is the offset
current times the source impedance imbalance.

‘GROUND

b. Thermocouple

Vg
o)

=

c. AC Coupled
Figure 34. Indirect Ground Returns for Bias Currents

Although instrumentation amplifiers have differential inputs,
there must be a return path for the bias currents. If this is not
provided, those currents will charge stray capacitances, causing
the output to drift uncontrollably or to saturate. Therefore,
when amplifying “floating” input sources such as transformers
and thermocouples, as well as ac-coupled sources, there must
still be a dc path from each input to ground.

COMMON-MODE REJECTION

Common-mode rejection is a measure of the change in output
voltage when both inputs are changed equal amounts. These
specifications are usually given for a full-range input voltage
change and a specified source imbalance. “Common-Mode
Rejection Rato” (CMRR) is a ratio expression while “Common-
Mode Rejection” (CMR) is the logarithm of that ratio. For
example, a CMRR of 10,000 corresponds to a CMR of 80 dB.

In an instrumentation amplifier, ac common-mode rejection is
only as good as the differential phase shift. Degradation of ac
common-mode rejection is caused by unequal drops across
differing track resistances and a differential phase shift due to
varied stray capacitances or cable capacitances. In many appli-
cations shielded cables are used to minimize noise. This tech-
nique can create common mode rejection errors unless the
shield is properly driven. Figures 35 and 36 shows active data
guards that are configured to improve ac common mode rejec-
tion by “bootstrapping” the capacitances of the input cabling,
thus minimizing differential phase shift.

© Vour

O REFERENCE

o
Figure 36. Differential Shield Driver

GROUNDING

Many data acquisition components have two or more ground
pins that are not connected together within the device. These
grounds must be tied together at one point, usually at the sys-
tem power-supply ground. Ideally, a single solid ground would
be desirable. However, since current flows through the ground
wires and etch stripes of the circuit cards, and since these paths
have resistance and inductance, hundreds of millivolts can be
generated between the system ground point and the data

=10~ REV. E
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acquisition components. Separate ground returns should be
provided to minimize the current flow in the path from the sensi-
tive points to the system ground point. In this way supply currents
and logic-gate return currents are not summed into the same
return path as analog signals where they would cause measure-
ment errors.

Since the output voltage is developed with respect to the poten-
tial on the reference terminal, an instrumentation amplifier can
solve many grounding problems.

ANALOGP.S. DIGITALP.S.
+15V C 15V

C +5V

*IF INDEPENDENT; OTHERWISE RETURN AMPLIFIER REFERENCE
TO MECCA AT ANALOG P.S. COMMON

Figure 37. Basic Grounding Practice

SENSE TERMINAL

The sense terminal is the feedback point for the instrument
amplifier’s output amplifier. Normally it is connected to the
instrument amplifier output. If heavy load currents are to be
drawn through long leads, voltage drops due to current flowing
through lead resistance can cause errors. The sense terminal can
be wired to the instrument amplifier at the load, thus putting
the IxR drops “inside the loop” and virtually eliminating this
€ITor source.

(SENSE)

CURRENT
BOOSTER

Figure 38. AD524 Instrumentation Amplifier with Output
Current Booster

Typically, IC instrumentation amplifiers are rated for a full£10
volt output swing into 2 K. In some applications, however, the
need exists to drive more current into heavier loads. Figure 38
shows how a high-current booster may be connected “inside the
loop” of an instrumentation amplifier to provide the required
current boost without significantly degrading overall perfor-
mance. Nonlinearities, offset and gain inaccuracies of the buffer
are minimized by the loop gain of the IA output amplifier. Off-
set drift of the buffer is similarly reduced.

REV. E

REFERENCE TERMINAL

The reference terminal may be used to offset the output by up
to £10 V. This is useful when the load is “floating” or does not
share a ground with the rest of the system. It also provides a
direct means of injecting a precise offset. It must be remem-
bered that the total output swing is £10 volts to be shared be-
tween signal and reference offset.

When the IA is of the three-amplifier configuration it is neces-
sary that nearly zero impedance be presented to the reference
terminal.

Any significant resistance from the reference terminal to ground
increases the gain of the noninverting signal path, thereby upset-
ting the common-mode rejection of the IA.

In the AD524 a reference source resistance will unbalance the
CMR trim by the ratio of 20 kKO/Rggp For example, if the refer-
ence source impedance is 1 Q, CMR will be reduced to 86 dB
(20 k€1 Q =86 dB). An operational amplifier may be used to
provide that low impedance reference point as shown in Figure
39. The input offset voltage characteristics of that amplifier will
add directly to the output offset voltage performance of the
instrumentation amplifier.

Figure 39. Use of Reference Terminal to Provide Output
Offset

An instrumentation amplifier can be turned into a voltage-to-
current converter by taking advantage of the sense and reference
terminals as shown in Figure 40.

LOAD
Vx VY
SERE TS ?

Figure 40. Voltage-to-Current Converter

By establishing a reference at the “low” side of a current setting
resistor, an output current may be defined as a function of input
voltage, gain and the value of that resistor. Since only a small
current is demanded at the input of the buffer amplifier A,, the
forced current I, will largely flow through the load. Offset and
drift specifications of A, must be added to the output offset and
drift specifications of the IA.

.



AD524

-No-
ANO
0 +5V
V5o
W O
1L
35y c1
K1-K3=
e THERMOSEN DM2C
45V COIL
D1- D3= INA148
~ 10pF
oLOGIC
£—0 COMMON
PROGRAMMABLE GAIN

Figure 41 shows the AD524 being used as a software program-
mable gain amplifier. Gain switching can be accomplished with
mechanical switches such as DIP switches or reed relays. It
should be noted that the “on” resistance of the switch in series
with the internal gain resistor becomes part of the gain equation
and will have an effect on gain accuracy.

The AD524 can also be connected for gain in the output stage.
Figure 42 shows an AD711 used as an active attenuator in the
output amplifier’s feedback loop. The active attenuation pre-
sents a very low impedance to the feedback resistors, therefore
minimizing the common-mode rejection ratio degradation.

-Vso-

V3 &

Figure 42. Programmable Output Gain
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Figure 43. Programmable Output Gain Using a DAC

Another method for developing the switching scheme is to use a
DAC. The AD7528 dual DAC, which acts essentially as a pair
of switched resistive attenuators having high analog linearity and
symmetrical bipolar transmission, is ideal in this application.
The multiplying DAC’s advantage is that it can handle inputs of
either polarity or zero without affecting the programmed gain.
The circuit shown uses an AD7528 to set the gain (DAC A) and
to perform a fine adjustment (DAC B).

AUTOZERO CIRCUITS

In many applications it is necessary to provide very accurate
data in high gain configurations. At room temperature the offset
effects can be nulled by the use of offset trimpots. Over the
operating temperature range, however, offset nulling becomes a
problem. The circuit of Figure 44 show a CMOS DAC operat-
ing in the bipolar mode and connected to the reference terminal
to provide software controllable offset adjustments.

REV. E

Figure 44. Software Controllable Offset

In many applications complex software algorithms for autozero
applications are not available. For those applications Figure 45
provides a hardware solution.

AD7510KD

e R [
ZERO PULSE

Figure 45. Autozero Circuit

B
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ERROR BUDGET ANALYSIS

To illustrate how instrumentation amplifier specifications are
applied, we will now examine a typical case where an AD524 is
required to amplify the output of an unbalanced transducer.
Figure 46 shows a differential transducer, unbalanced by 100 Q,
supplying a 0 to 20 mV signal to an AD524C. The output of the
IA feeds a 14-bit A-to-D converter with-a 0 to 2 volt input volt-
age range. The operating temperature range is ~25°C to +85°C.
Therefore, the largest change in temperature AT within the
operating range is from ambient to +85°C (85°C -25°C = 60°C).

In many applications, differential linearity and resolution are of
prime importance. This would be so in cases where the absolute
value of a variable is less important than changes in value. In
these applications, only the irreducible errors (45 ppm = 0.004%)
are significant. Furthermore, if a system has an intelligent pro-
cessor monitoring the A-to-D output, the addition of a auto-
gain/autozero cycle will remove all reducible errors and may
eliminate the requirement for initial calibration. This will also
reduce errors to 0.004%.

Figure 46. Typical Bridge Application

Table II. Error Budget Analysis of AD524CD in Bridge Application

Effect on Effect on
Absolute Absolute Effect
AD524C Accuracy Accuracy on
Error Source Specifications | Calculation at Ty = +25°C| at T4 = +85°C | Resolution
Gain Error £0.25% $0.25% = 2500 ppm 2500 ppm 2500 ppm -
Gain Instability 25 ppm (25 ppm/°C) (60°C) = 1500 ppm - 1500 ppm -
Gain Nonlinearity %0.003% +0.003% = 30 ppm - - 30 ppm
Input Offset Voltage 1500V, RTI | 50 §V/20 mV = *2500 ppm 2500 ppm 2500 ppm -
Input Offset Voltage Drift | $0.5 JV/°C | (£0.5 IV/°C)(60°C) = 30 UV
- 30 gV/20 mV = 1500 ppm - 1500 ppm -
Output Offset Voltage* £2.0mV $2.0 mV/20 mV = 1000 ppm 1000 ppm 1000 ppm -
Output Offset Voltage Drift*| #25 §V/° C (25 PV C)(60°C)= 1500 §V
1500 §V/20 mV = 750 ppm - 750 ppm -
Bias Current-Source £15nA (*15nA)(100 Q) = L5 PV
Imbalance Error 1.5 }V/20 mV = 75 ppm 75 ppm 75 ppm -
Bias Current-Source +100 pArC (3100 pA/°C)(100 ©)(60°C) = 0.6 iV
Imbalance Drift 0.6 §iV/20 mV= 30 ppm - 30 ppm -
Offset Current-Source +10nA *100A)(1000Q) = 1§V
Imbalance Error 1 §V/20 mV =50 ppm 50 ppm 50 ppm -
Offset Current-Source 1100 pA/°C (100 pA” C)(100 Q)(60°C) = 0.6 §IV
Imbalance Drift 0.6 §V/20 mV = 30 ppm - 30 ppm -
Offset Current-Source +10nA (10 nA)(175 Q) = 3.5 IV
Resistance-Error 3.5 iV/20 mV = 87.5 ppm 87.5 ppm 87.5 ppm -
Offset Current-Source +100 pA/°C (100 pA”C)(175 Q)(60°C) = 1 pV
Resistance-Drift 1 iV/20 mV = 50 ppm - 50 ppm -
Common Mode Rejection | 115 dB 115dB =18 ppmx 5V =8.8 IV
5Vdc 8.8 IV/20 mV = 444 ppm 444 ppm 444 ppm -
Noise, RTI
(0.1 Hz-10 Hz) 0.3 IV p-p 0.3 §V p-p/20 mV = 15 ppm - - 15 ppm
Total Error 6656.5 ppm 10516.5 ppm | 45 ppm

*Output offset voltage and output offset voltage drift are given as RTT figures.
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Figure 47 shows a simple application, in which the variation of
the cold-junction voltage of a Type ] thermocouple-iron(+)-
constantan—is compensated for by a voltage developed in series
by the temperature-sensitive output current of an AD590 semi-
conductor temperature sensor.

Re  REFERENCE
NomiNaL FEEERENC
IPELVALUE  46ec o7, < 35°C Vs 7.5V
1| 5230
K | 4120 ADS80
E | 6140 g
T | 4020 .
s,RI 5760 Rpsha
IRON Et EY
(CVr constanan<TE >y 30 [ g
MEASURING
JUNCTION” ¢ _, _y, 5230, +25V _ ssen”
o~ Vi, \,. 54 Ly ourpur
= Fika  AMPLIFER
v; ORMETER
NOMINAL VALUE
91350

Figure 47. Cold-Junction Compensation

The circuit is calibrated by adjusting Ry for proper output voltage
with the measuring junction at a known reference temperature

and the circuit near 25°C. If resistors with low tempcos are
used, compensation accuracy will be to within £0.5°C, for
temperatures between +15°C and +35°C. Other thermocouple
types may be accommodated with the standard resistance values
shown in the table. For other ranges of ambient temperature,
the equation in the figure may be solved for the optimum values
of Ry and Rj.

The microprocessor controlled data acquisition system shown in
Figure 48 includes both autozero and autogain capability. By
dedicating two of the differential inputs, one to ground and one
to the A/D reference, the proper program calibration cycles can
eliminate both initial accuracy errors and accuracy errors over
temperature. The autozero cycle, in this application, converts a
number that appears to be ground and then writes that same
number (8-bit) to the AD7524, which eliminates the zero error
since its output has an inverted scale. The autogain cycle con-
verts the A/D reference and compares it with full scale. A multi-
plicative correction factor is then computed and applied to
subsequent readings.

For a comprehensive study of instrumentation amplifier design
and applications, refer to the Instrumentation Amplifier Applica-
tion Guide, available free from Analog Devices.

299

AD7507

29

A0 A2
EN A1

ADDRESS BUS

Figure 48. Microprocessor Controlled Data Acquisition System
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OUTLINE DIMENSIONS

Dimensions shown in inches and (mm).
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ANALOG
DEVICES

Ultralow Offset Voltage
Operational Amplifier

FEATURES
® LowMBe .. ....cooonnnei ™™g oot YN 25uV Max
® Low Vgg Drift 0.6.V/°C Max
® Ultra-Stablevs Time ............... 1.0.V/Month Max
O AFOMPNOISe . oo s Lo rrerec oY vvvs 0.6uVp.p Max
® Wide Input Voltage Range ...............c.cv000 +14v
® Wide Supply Voltage Range ............. +3Vio 118V
® Fits 725, 108A/308A, 741, AD510 Sockets
® 125°C Temperature-Tested Dice
ORDERING INFORMATION '
T,=+25°C PACKAGE OPERATING
Vs MAX CERDIP  PLASTIC LCC  TEMPERATURE

(V) T0-99 8-PIN 8-PIN  20-CONTACT  RANGE

25  OPO7AJ" OPO7AZ* — - ML

75 OPO7EJ OPO7EZ OPO7EP ~ CoM

75 OPOZJS  OPO7Z — OPO7RC/883 MIL

150  OPO7CJ  OPO7CZ ~ OPO7CP - XIND

150 — —  opo7CS™ L’ XIND

150 OPO7DJ — _ OPO7DP — XIND
* Fordevice: din total comp to MIL-STD-883. add /883 after part

number. Consult factory ‘or 883 data sheet.
T Burn-in is available on commercial and industrial temperature range parts in
CerDIP, plastic DIP, ard TO-can packages.
For availability and burn-in information on SO and PLCC packages. contact
your local sales office.

GENERAL DESCRIPTION

The OP-07 has very low input offset voltage (25uV max for
OP-07A) which is obtained by trimming at the wafer stage.
These low offset voltages generally eliminate any need for
external nulling. The OP-07 also features low input bias cur-
rent (+2nA for OP-07A) and high open-loop gain (300V/mV for
OP-07A). The low offsets and high open-loop gain make the
OP-07 particularly useful for high-gain instrumentation
applications.

The wide input voltage range of +13V minimum combined
with high CMRR of 110dB (OP-07A) and high inputimpedace
provides high accuracy in the noninverting circuit configura-
tion. Excellentlinearity and gain accuracy can be maintained

SIMPLIFIED SCHEMATIC

0P07
even at high closed-loop gains.

Stability of offsets and gain with time or variations in temper-
ture is excellent. The accuracy and stability of the OP-07,
aven at high gain, combined with the freedom from external
nuliing have made the OP-07 a new Industry standard for
instrumentation and military applications.

The OP-07 is available in five standard performance grades. The
OP-07A and the OP-07 are specified for operation over the full mili-
tary range of—55°C to+125°C; the OP-07E is specified for operation
over the 0°Cto +70°C range, and OP-07C and D overthe —40°C to
+85°C temperature range.

The OP-07 is available in hermetically-sealed TO-99 metal can or
ceramic 8-pin Mini-DIP, and in epoxy 8-pin Mini-DIP. It is a direct
replacement for 725, 108A, and OP-05 amplifiers; 741-types may
be directly replaced by removing the 741's nulling potentiometer. The
OP-207, a dual OP-07, is available for applications requiring close
matching of two OP-07 amplifiers. Forimproved specifications, see
the OP-77/0P-177.

PIN CONNECTIONS
Vos TRIN 1 i T\T yos TRIM [1 ] Vos TRM
w[z} vt
RUER ) {Jour
Y 1% v-[4] [S]ne
fu 2 sno EPOXY MINI-DIP (P-Suffix)
' W 8-PIN HERMETIC DIP
TO-99 (J-Suffix) (Z-Suffix)
8-PIN SO
(S-Suffix)

OP-07RC/883
Lcc
(RC-Suffix)

R2ZA AND HZB ARE
ELECTRONICALLY

ADJUSTED ON CHIP

AT FACTORY FOR

MINIMUM 1
OFFSET VOLTAGE

NON.
INVERTING
INPUT

INVERTING 5_n
INPUT

no
outpuT
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ABSOLUTE MAXIMUM RATINGS (Note 1)

Supply Voltage +22V
Differential Input Voltage +30V
Input Voltage (Note 2) +22V
Output Short-Circuit Duration..........coceeeceeevereeerrercens Indefinite
Storage Temperature Range

J, RC and Z Packages .........cccccccvcvruenns . —65°C to +150°C

P Package -65°C to +125°C
Operating Temperature Range

OP-07A, OP-07, OP-07RC................ weeees =55°C 10 +125°C

OP-07E 0°Cto +70°C

OP-07C, OP-07D.......... .. —40°C to +85°C
Lead Temperature (Soldering, 60 sec) +300°C
Junction Temperature (T,) +150°C

PACKAGE TYPE ©,, (Note 3) o UNITS
TO-99 (J) 150 18 “CW
8-Pin Hermetic DIP (2) 148 16 “CW
8-Pin Plastic DIP (P) 103 43 “CW
20-Contact LCC o8 38 “CW
8-Pin SO(S) 158 43 “CIW

NOTES:

1. Absolute maximum ratings apply to both DICE and packaged parts, unless
otherwise noted.

2. For supply voltages less than +22V, the absolute maximum input voltage is
equal 1o the supply voltage.

3. @, is specified for worst case i it ie.,8 ified for

dévwe in socket for TO, CerDIP, P-DIP, and Lce packages 8 i is specified

for device soldered to printed circuit board for SO package.

ELECTRICAL CHARACTERISTICS at Vg =115V, To = 25°C, unless otherwise noted.

OP-07A OP-07

PARAMETER SYMBOL MIN  TYP MAX MIN  TYP MAX UNITS

Input Offset Voltage Vos (Note 1) — 0 2% - 30 75 Y

[ ¢ AVos/Time  (Note 2) - 02 10 ~ 02 10 WV/Mo

Input Offset Current los - 03 20 - 04 28 nA

Input Bias Current Ig —  *07 20 — *10 *30 nA

Input Noise Voltage enpp 0.1Hz to 10Hz (Note 3) i . 06 — 035 06 BVpp
1o = 10Hz (Note 3) = 103 18.0 - 103 180

Input Noise Voltage Density n fo = 100Hz (Note 3) - 100 130 — 100 130 nV//Hz
fo = 1000Hz (Note 3) — 96 1.0 — 96 110

Input Noise Current ‘L‘B‘P 0.1Hz to 10Hz (Note 3) - 14 30 - 14 30 PAsp
fo = 10Hz (Note 3) — 032 080 — 032 080

Input Noise Current Density in o= 100Hz (Note 3) — 014 023 - 014 028 pANHZ
fo= 1000Hz (Note 3) = (1012 047 — 012 037

"g’"';: m."&._ Ry (Note 4) 30 8 = 2% 6 e Ma

AR P e — Roha = 200 - &= 0 (R e

Input Voltage Range VR +13 14 - +13 14 - v

Common-Mode Rejection Ratio CMRR Vem =13V 110 126 . 110 126 — dB

Power Supply Rejection Ratio PSRR Vg=+3V 1o+ 18V % 4 10 - 4 10 W
RLZ2kf), Vo =10V 300 500 - 200 500 -

Large-Signal Voltage Gain ) Avo RL::I:O;I(.;“O-:O.BV. 150 400 4 150 400 A V/imv
R = 10k0 +125 *130 = +125 *13.0 -

Output Voltage Swing Vo R_=2k0 +120 1128 - +120 128 - v
Ry =1k +105 *12.0 - +105 *120 -

Slew Rate SR R > 2k{) (Note 3) 01 03 -— 01 03 —_ V/us

Closed-Loop Bandwidth BW AycL=+1(Note 3) 04 06 - 0.4 06 - MHz

Open-Loop Outpul Resistance Ro Vo=0,l0=0 = 60 = — 60 = a

Power Consumption Py z:i z;?l‘.l":ol-::d : 7§ 122 : 7: 1a; mW

Offset Adjustment Range Rp =20k} - =4 - -— +4 - mv

NOTES: a

1. OP-07A grade Vg is measured approximately one minute aner applica-

Excluding the initial hour of operation, changes in Vg during the first 30

tion of power. For all other grades Vg is measured ap 05
seconds after application of power.

2. Long-Term Input Offset ot refers to the averaged trend line of
Vog vs. Time over extended periods after the first 30 days of

days are typically 2.5V — refer to typical performance curves.
Parameter is sample tested.

3 Samolo tested.

by design.
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ELECTRICAL CHARACTERISTICS at Vg = £15V, -556°C < T, < +125°C, unless otherwise noted.

Ol
PARAMETER SYMBOL CONDITIONS MIN TYP MAX MIN UNITS
Input Offset Voltage Vos (Note 1) — 25 60 - v
Average Input Offset
Voltage Drift With-
out External Trim TCVos (Note 2) - 02 06 - 0.3 13 wre
With External Trim TCVosn Rp = 20k(1 (Note 3} — 02 06 o 0.3 13 uv/eCc
Input Offset Current los - 0.8 4 - 1.2 56 nA
ncoe el Progytiment TClos (Note 2) - 5 2 - 8 50 PASC
Input Bias Current Ig — 1 +4 = +2 +6 nA
g B et Ol (Note 2) - &8 2 - 1 50 pPASC
Input Voltage Range VR +13 +135 ' — *13 *135 - v
Common-Mode Rejection Ratio CMRR Vom =213V 106 123 - 1068 123 - dB
Power Supply Rejection Ratio PSRR Vg =£3V 10 =18V - 5 20 - 5 20 BNV
Large-Signal Voltage Gain Avo Ry 22k0, Vo =10V 200 400 — 150 400 - V/mv
Output Voltage Swing Vo R = 2k0 12 +126 - 12 1128 - \'
NOTES: R
1. OP-07A grade Vs Is measured approximately one minute after applica-
tion of power. For all other grades Vg is measured approximately 0.5
seconds after application of power.
2. Sample tested.
3. Guaranteed by design.
TYPICAL OFFSET VOLTAGE TEST CIRCUIT TYPICAL LOW-FREQUENCY NOISE TEST CIRCUIT
4 ‘
200662 100:¢ 2
l A |
500 [ 100 1 OUTPUT
| £ f J_ by 4TuF
op.07a —Ovo I
25M5
= = (=10Hz FILTER)

VO __5mViem _
INPUT REFERRED NOISE = 55-056= 7 gog ~ 200V/em

(SEE SCOPE PHOTO IN TYPICAL PERFORMANCE CURVES)

PINQUTS SHOWN FOR J, P, AND Z PACKAGES

BURN-IN CIRCUIT

e

QuTPUT

PINOUTS SHOWN FOR J, P. AND Z PACKAGES PINOUTS SHOWN FOR J, P, AND Z PACKAGES
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ELECTRICAL CHARACTERISTICS at Vg = +15V, Ta = 25°C, unless otherwise noted.

OP-07E OP-07C OP-07D
PARAMETER SYMBOL CONDITIONS MIN  TYP MAX MIN TYP MAX MIN  TYP MAX UNITS
Input Offset Voltage Vos (Note 1) - 30 75 — 60 150 - 60 150 I
Long-Term Vg
Vi — . 15 - 4 4 - X X
ity os/Time  (Note 2) 03 o 20 05 30 uV/Mo
Input Offset Current los - 0.5 38 = 08 6.0 - 08 6.0 nA
Input Bias Current Ig - +1.2 +40 - +18 +7.0 - +20 *12 nA
0.1Hz to 10Hz
Input Noise Voltage enp-p (Notw 3) — 035 06 — 038 065 — 038 065 Wo.p
Input Noise fo=10Hz — 103 18.0 - 105 20.0 - 105 200
V:!h Density en fo = 100Hz (Note 3} - 10.0 130 — 10.2 135 - 103 135 nV/\/Hz
e fo=1000Hz — 96 110 oy ] — 98 15
g . 0.1Hz to 10Hz
Input Noise Current inp-p (Note 3) - 14 30 - 15 35 - 135 35 pAp,‘,
Nk Noise fo=10Hz - 032 0.80 - 0.35 0.90 = 0.35 0.90
(_:""m Densit in fo = 100Hz (Note 3) - 014 0.23 - 0.15 0.27 = 0.15 0.27 PA/\ Hz
Y fo = 1000Hz - 0.12 0.17 - 0.13 0.18 - 0.13 0.18
Input Resistance —
St Rin (Note 4) 15 50 - 8 33 - 7 31 - MO
Input Resistance —
- — _— 1 —_— —_— -—
| A RincM 160 20 120 Gn
Input Voltage Range IVR 13 +14 - *13 14 - *13 +14 — v
Common-Mode
RR Vom=+13V 106 123 - 100 120 - 94 110 -
Rejection Ratio " oM @B
Power Supply Vg =13V
PSRR — —_ 7 3 .
Rejection Ratio % t0+18V (@AY £ L N
Pucie) 0 50 o — 120 400 — 120 400 —
i fo=
Large-Signal
v;“ r vl Avo R_>5000 Vimv
Vo=+05V 150 400 = 100 400 - T 400 -
Vg =8V (Note 4)
Ry =10k} 125 £13.0 - 120 +130 = 120 1130 5
Output Volta L5
s gue\oioe Vo R, >2ka 1120 +128 - 115 +128 - 115 128 — v
Ry =1k0 *105 120 & Sl 120 = = L1120 =
Slew Rate SR Ry =2k (Note 3) 01 03 . 01 03 —_ 0.1 03 — Vius
Closed-Loop AycL=+1
b 4 Y - .4 . — .4 0. -
Bandwidth ' (Note 5) 0 o ? & % . Mz
Open-Loop Output )
Riotarl Ro Vo=0,l0=0 60 60 0
Vg =+15V, No Load - 75 120 et 80 150 -— 80 150
Consum| P, w
% B Pa Vg=+3V, No Load ===l - 4 8 - 4 8 "
Offset Adjustment
Rp =20k - +4 - - +4 e — +4 — mv
Range
NOTES:
1. Input Offset Voltage are test

Y
equipment approximately 0.5 seconds after application of power.
2. Long-Term Input Offset Voitage Stability refers to the averaged trend line
of Vog vs. Time over extended periods after the first 30 days of operation.
Excluding the Initial hour of operation, changes in Vg during the first 30
operating days are typically 2.5,V — refer to typical performance curves.
Parameter is sample tested.

w

. Sample tested.

4. Guaranteed by design.

o

. Guaranteed but not tested.

138



0P07

ELECTRICAL CHARACTERISTICS at Vg = =15V, 0°C s T, s +70°C for OP-07E, and —40°C < T,, < +85°C for OP-07C/D, unless

otherwise noted.
OP-07E OP-07C OP-07D
PARAMETER SYMBOL CONDITIONS MIN  TYP MAX MIN  TYP MAX MIN TYP MAX UNITS
Input Offset Voltage Vos (Note 1) — 45 130 = 85 250 - 85 250 uv
Average Input Offset
Voltage Drift With-
out External Trim TCVos (Note 3) - 03 13 - 05 18 - 07 25 wvrc
With External Trim TCVosn Rp = 20kM} (Note 3) - 03 13 - 04 16 - 07 25 wreC
Input Offset Current los - 09 53 - 16 8.0 - 16 80 nA
Average Input Offset
- — 1 =
Current Drift TClos [Now2) g 3 2 50 12 50 pAFC
input Bias Current Ig —  *15 *55 - 22 190 — 30 +14 nA
Average Input Bias
- - 18 — 1
Gurrent Drift TClg (Note 2) 13 35 50 8 50 PA°C
Input Voltage Range R +130 135 p— +130 *135 - +130 +135 - v
Common-Mode
R = 1 kY - 7 120 - 94 106 -
s CMRR Vem=£13V. 03 23 9 a8
Power Supply 3
= * - - 51 -— Al V/V
Rejection Ratio PSRR Vg =13V to £18V 7 32 10 0 51 B/
Large-Signal AL 22k0
180 450 - 100 400 - 100 400 - V/mV
Voltage Gain Avo Vo=#10V "
Ouiput Voltegh Vo RL2 240 +12 +128  — T Y R—— n ox2e - v
Swing
NOTES:
1. Input offset voltage measurements are performed by automated test

equipment approximately 0.5 seconds after application of power.

2. Sample tested.
8. Guaranteed by design.
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DICE CHARACTERISTICS (125°C TESTED DICE AVAILABLE)

1. BALANCE

2. INVERTING INPUT

3. NONINVERTING INPUT
4. v-

6. OUTPUT

7. V+

8. BALANCE

DIE SIZE 0.100 X 0.055 inch, 5500 sq. mils
(2.54 X 1.40 mm, 3.56 sq. mm)

WAFER TEST LIMITS at Vg= + 15V, Ty =25°C for OP-07N, OP-07G and OP-07GR devices; Tp=125°C for OP-07NT and
OP-07GT devices, unless otherwise noted.

OP-07NT OP-07N OP-07GT OP-07G OP-07GR
LT

PARAMETER SYMBOL CONDITIONS LIMIT LIMIT LIMIT LIMIT UNITS
Input Offset Voltage Vos 140 40 210 80 150 wV MAX
Input Offset Current los 40 2.0 56 28 8.0 nA MAX
Input Bias Current Ig +4 +2 +6 *+3 17 nA MAX
Input Resistance

o — I

Differential-Mode Rin (Note 2) 20 20 8 MO MIN
Input Voltage Range IVR *13 *13 *13 +13 +13 V MIN
Gommc-Yge CMAR  Vgy=:13V 100 110 100 110 100 dBMIN

Rejection Ratio - el
Power Supply = ]

=+ t 20 il V/V MAX
Soi PSRR  Vg=+3Vto+18V 20 10 0 0 WV
Ry =10k — +12.5 - +12.0 +12.0
Output Voltage Swing Vg R_=2k0 +120 +12.0 +120 15 115 V MIN
R_=1k0 — +106 — 1105 —
Large-Signal Ry =2k
1

Voltage Gain Avo Vo=+10V 200 200 50 120 120  V/mV MIN

Differential Input .. +
= c- - -

Voltage 30 30 30 130 30 V MAX
Power Consumption Py Vour = OV - 120 - 120 150  mW MAX
NOTES: v/ 4
1. For 25°C characteristics of OP-07NT and OP-07GT, see OP-O7N and 2. Guaranteed by design.

OP-07G characteristics, respectively. . 3
Electrical tests are performed at wafer probe to the limits shown. Due to variations in assembly methods and normal yield loss, yield after packaging is not
guaranteed for standard product dice. Consult factory to negotiate specifications based on dice lot qualification through sample lot assembly and testing.

TYPICAL ELECTRICAL CHARACTERISTICS at Vs = %15V, Ty = +25°C, unless otherwise noted.

OP-07NT OP-07N OP-07GT OP-07G OP-07GR

PARAMETER SYMBOL CONDITIONS TYPICAL TYPICAL TYPICAL TYPICAL TYPICAL  UNITS
on:::rv:z‘;e ot TCVos Rs=500 02 02 03 03 07 WrC
NO":::'\';:;::” ot TCVosn Rs=500, Rp=20kn 02 02 03 03 07 WVrG
o s s v w ae
Slew Rate SR R.>20  oa 03 03 03 03 Vs
c;m?;’ BW AyeL=+1 06 06 08 06 06 MHz
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TYPICAL PERFORMANCE CHARACTERISTICS

OPEN-LOOP GAIN vs OFFSET VOLTAGE CHANGE DUE

TEMPERATURE _ TO THERMAL SHOCK WARM-UP DRIFT
> -
1000 | I .E BT T gy, =
- —1 w |
Vg=+15V g 5 Vs =15V g {’A - 215;3 |
% 800 2 . [ I § 20 |— Vs
& 4 TA=25C Tp=70C
s 0 > Bl A | & |
5 800 s i el — — L
e L= gw 5 1 |
g 1 — 2 Trixcomat g 0p07C | op.g7e
- Raalt e
3 T j—— 5 2 »7: 1 8 !
x <
o E 5 1 /il ! l‘ 5 OF07A 0P.07
s DEVICE IMMERSED i | '
a IN 70°COIL BATH 3 |
] go - ] L
=y 100 S ' Ny 20 0 & 80 100 g 0 1 2 3 4 s
TEMPERATURE €} TIME (SEC) TIME AFTER POWER SUPPLY TURN-ON (MINUTES)
MAXIMUM ERROR vs MAXIMUM ERROR vs MAXIMUM ERROR vs
SOURCE RESISTANCE SOURCE RESISTANCE SOURCE RESISTANCE
10 T S0 12 2 T
% Ta=26°Q 1 £ $6°C < T 125C () b A g
£ Vs = 116V 5 Vs =16V £ io
§na ! Bosf —— — LY g
L | opore é S
2 2 o8
Sos g as 5
£ H [ !
£ ora7e § & os I
e i £~ : |
& opo7 H g o4 T
& i = g orarc
soF—{ > a2 z =
H / % OPO7A ] Gres i —
2 3 3 OPO7E
- Jim oP.07A o -
100 1 0k 100k 100

MATCHED OR UNMATCHED SOURCE RESISTANCE {01}

1 1k 10k 100k
MATCHED OR UNMATCHED SOURCE RESISTANCE (0}

MATCHED OR UNMATCHED SOURCE RESISTANCE (22

INPUT BIAS CURRENT vs INPUT BIAS CURRENT vs INPUT OFFSET CURRENT vs
DIFFERENTIAL INPUT VOLTAGE TEMPERATURE TEMPERATURE
2 [ worr <oV, <znA0r0m PR oY, ] T N > [
H R! T S San 0007 A z VeRallV _ l I | Voo og%
(= | < ma(0na0) -yl I R,
E & Tl NFlo z s S 4
g 0 — ! // "“E 3 E
2 h 1 a g 1A E1s !
= ° d 0 = % 2 ov-}nc 3 op.07C
Z 7 ! B 2 | &= ] \ P07
o V 2 = &0
= M A5 S NG\
g-m ’__ 0 8 oP.07A l’\ 1= 205 N OF.07E o
e Yerduy z z 0P.07A I
g —+ A=25°C _
5 i S 0 ‘ ol
30 -20 10 o 0 20 30 -50 0 50 100 = ==
DIFFERENTIAL INPUT VALUE (VOLTS) FRRERATINE Y0t TEMPERATURE (*C)
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TYPICAL PERFORMANCE CHARACTERISTICS

OP-07 LOW FREQUENCY NOISE
i Leed

L=
200 nV/cm

REFERRED TO INPUT
S5mV/cm AT OUTPUT

CMRR vs FREQUENCY
‘ i \i HilW
op-07 || I
| 1 BRI |
g ! A
H |
3 i
1 |
il !
‘ ] J
1 i
100 T 10k 100k

FREQUENCY (H2)

OPEN-LOOP
FREQUENCY RESPONSE
120
TN T
Ta=125°C
%
3
:.:’ 40
8
:
3 ol
—40

01 1 10 100 Tk 10k 100k M 10M
FREQUENCY (Hz)

TOTAL INPUT NOISE VOLTAGE
vs FREQUENCY

1 Rg1 - Rgz = 200k =
| THERMAL NOISE OF SOURCE vf-:
RESISTORS INCLUDED

EXCLUDED

E S~
3 T
5100 |— - -
= ==
8. P
" —b
2w I 2
5 i E=
e /T 1
> vg==tov 1

u-zs'c‘i

I 11 ‘

10 L
10

0
FREQUENCY (Hz}

PSRR vs FREQUENCY

= T T
0 ory " H (-”N— Tas2=C i
T
100 —op.o7c — H— 1
e i RB N RN
E u} | | ‘|] I
£ o A i
I i
= 1 | | i i
LI it
\ RN i
. (3NN
N il Ll i
o1 1.0 10 100 1k 10k
FREQUENCY (Ha)
CLOSED-LOOP RESPONSE
FOR VARIOUS
GAIN CONFIGURATIONS
100 | ‘
5 "‘ﬁ AT 6N e
fa
z =
§Ao
1
g ~
3
o
_mw 100 AL 10k 100k ™ oM

FREQUENCY (Hz)

INPUT WIDEBAND NOISE vs
BANDWIDTH (0.1HzTO
FREQUENCY INDICATED)

T T
—ve- vty - i
TA= - +H +

— T

g RiTiii B
Rl L
A=
1t
feb | il
L] |
10k 100k

BANDWIDTH (H2)

OPEN-LOOP GAIN vs
POWER SUPPLY VOLTAGE
1000 T [
| a--zc ! I !
800
ol
o 600
z
] 1 - 4
g a0
200
0
o :5 +10 +15 +20
POWER SUPPLY VOLTAGE (VOLTS)
MAXIMUM OUTPUT SWING
vs FREQUENCY
28 T | I T M
@24 \ ] 1 vg=:sv L
a | | | ra=+25C
=3
b :
@ ]
8 |
5 %
§ 12
E | |
S el i
g i
S, | ]
& <
0 l | il I | T""J- |H
1 10k 100k ™

FREQUENCY (Hz)
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TYPICAL PERFORMANCE CHARACTERISTICS

MAXIMUM OUTPUT VOLTAGE
vs LOAD RESISTANCE
= 1T
TA=+268°C
Vs =116V [ |
Vi = £10mV |

@

POSITIVE SWING

LA NEGATIVE SWING
0 AL 1

MAXIMUM OUTPUT (VOLTS)

5 bl
100 Tk 10k
LOAD RESISTANCE TO GROUND (0)

UNTRIMMED OFFSET VOLTAGE

vs TEMPERATURE

$* [=F TZ
W=y Sipes 1 |
5 | Rg=1000 ])’
2 =t
) ALl 2
5 R OP-07E Z/ 0P-07 4
5 S0 ) [T (i
PEnLsoass
> i
3 b |- A opo7A ]
2 St F -_—
8 0

o |

-80 o 50 100
TEMPERATURE {°C)

TYPICAL APPLICATIONS

HIGH SPEED, LOW Vps, COMPOSITE AMPLIFIER

POWER CONSUMPTION
vs POWER SUPPLY
1000 S T
= Ta-+25C 1 =
f ]
Poasw
N ====== %
; k B IR - .
3 T P TA I
H ;
= 10
AN = =F
L
1.0 l L

20

o 40 60
TOTAL SUPPLY VOLTAGE, V+ TO V-~ (VOLTS)

TRIMMED OFFSET VOLTAGE
vs TEMPERATURE

30 T
- | VoS TRIMMED TO <5V AT 25°C
3 NULLING POT = 20k
g 1. OPO7A i
v 2. OPOTE /
S 20—\ 3. P07
e &Q 4. OPO7C ]L‘ 1/
B POSNGAA L | -
g 2 | I3 ﬂ//
2 = /
S0 Q\ \\R-_ f{q_
S §/ 4B
o )
BV T
i.

TEMPERATURE (°C)

OUTPUT SHORT-CIRCUIT
CURRENT vs TIME

8

o
8

1. VIN (PIN 3) = =10mV, Vo = 415V |
&\ 2. VIN (PIN 3) = +10mV, Vo = ~16V
=
N
‘\

QUTPUT SHORT CIRCUIT CURRENT (mA)
8

—
\“\-—@-——-
20
Vg =15V
Ta=+26°C
w1 NI
o 1 2 3 4

TIME FROM OUTPUT BEING SHORTED (MINUTES)

OFFSET VOLTAGE STABILITY

vs TIME
16 -
I
12 } i
3 T
Vimo g
‘3 8 [-FRENS Tine < ____,,,x‘_—ax:—‘——
) —535+7 0.2, V/mo.TREND LINE
z 4 ). 'rv‘.uwmru:rt‘o LINE V/mo.
£ e N FREND Cine
o oo
0.34V/mo. TREND LINE| _ 02, v/mo
= TREND LINE|
i
2
§ o [SICITE
“12 !
-16
1 2 3 4 5 6 7 8 9 wmnu

TIME (MONTHS)

ADJUSTMENT-FREE PRECISION SUMMING AMPLIFIER

BIAS

RF
SUM

PINOUTS SHOWN FOR J. P, AND Z PACKAGES

10k
E1
R2
10ks2
E20 A
A3
10882
E30——

RS
25k

PINOUTS SHOWN FOR J, P, AND Z PACKAGES

-5
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TYPICAL APPLICATIONS

HIGH-STABILITY THERMOCOUPLE AMPLIFIER

PRECISION ABSOLUTE-VALUE CIRCUIT

SENSING
JUNCTION

REFERENCE ,/ 1

JUNCTION -
R2
W4

PINOUTS SHOWN FOR J. P, AND Z PACKAGES

PINOUTS SHOWN FOR J, P, AND Z PACKAGES

APPLICATIONS INFORMATION

OP-07 series units may be substituted directly into 725,
108A/308A* and OP-05 sockets with or without removal of
external compensation or nulling components. Additionally,
the OP-07 may be used in unnulled 741-type sockets. How-
ever, if conventional 741 nulling circuitry is in use, it should
be modified or removed to enable proper OP-07 operation.
OP-07 offset voltage may be nulled to zero through
use of a potentiometer (see offset nulling circuit diagram).

*TO-99 Package only

The OP-07 provides stable operation with load capacitance
of up to 500pF and £ 10V swings; larger capacitances should
be decoupled with a 50§} decoupling resistor.

Stray thermoelectric voltages generated by dissimilar metals
at the contacts to the input terminals can degrade drift per-
formance. Therefore, best op ion will be ob d when
both input contacts are maintained at the same temperature,
preferably close to the package temperature.
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