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This thesis presents the improvement of the Hall Effect sensor with excitation of
the induction coil to create the electromagnetic field. Two excitation methods, namely
Pure DC and Combined DC, were considered. Experiments were designed to investigate
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domain. Test results showed that the three materials when excited induction coil by
the Combined DC approach generally gave good responses where the voltage level
separations are clearly seen, as well as showing the ability of classifying the aluminum
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2.1 NUNIUITIUNITIU

NnMsAnwaATeiiiunnsmainvedavsdmon  win  uaramuaauln
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2.2 msnadauuuulivinans (Non-Destructive Testing- NDT) [1]
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2.2.4 nMIAaUlAgIsAINE18398 Radiographic testing (RT)
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2.2.6 NMIAsIvdEUR87SnszUEalMaIU Eddy current testing (ECT)
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2.3 ngufnIzualnaiu

2.3.1 msniianseudlvadu (Eddy current)

nszudlvanuAnanmamieathusisanludh %ﬁLﬁmSﬁuuuﬁuﬁwaﬁaQﬁaﬁﬁ
i Tnevdnnsmsiidndildlunsesuisiferiumainnszsudlvay Ao nguewhsuad
eI ynaawimanluuinasemedimaivdsundas awinusaadeulniiundenily
wawiu  lgrunavesusaadouliimiihfudndulaenssiuiuauseuresna
uazdnsnsasuuUasueadndusivgn duanduaunsi 2.1 waziaTemneauluaunis
dinan  Wuluaunguosaud  ddedureiferfiuiicmnaveasaadeuliimieithues
aunsusimanliihfinannszualvanuuuiandni - Tnsfienwesusaadoulniimieni
il liAnnstesunsasuuUameamdndusimn [16)

2
dt

ea -

W € Ao wswedaulWdwmiienddn (V)
N A8 9NUIUSIUVRIINAR (Turns)
¢ fo Wanduaiman (Weber)

dlevinnnstleulsinszuaaduliturnainvowns  agfinaunsudindnliihdy
UnmseUIRaIntY Fond auuusiwAnUsugll (Primary magnetic field) firmeves
auusimdnaziasunlamaseuvedlwihnszuaadu  mahfagsathlaih e
meldaunuivdnd  auuuiindnugunifiieseuquemeazainssudlvainiuuuian
eivalhibk Janszudlvauiifntuiifasaiauuivnindenhtudiosredums
Wasuwlamesauuimanusugisungueaaud eni1 aunuusimanyiegs (Secondary
magnetic field) fauansluguil 2.2
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Eddy currents
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1 leganansadwinlaainaunisi 2.2

St (2.2)

Jzfuo

We & Ao AuanYes Eddy current (m)
f fe anwdnldlunisnssduuaaamieniy (Hz)
p fe Aanudnguiinanvesan (H/m)

o A Amanuilnihesian (mhos/m)

Tneauanued Eddy current fianas WWudndiunndufiupnuhliii audy
guulmanvastanini wasarmd fauanslusud 2.3 dmsu anuthlih wazaudueny
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guulmdngs anuddillunisnszduseainmieniezdoaduanuim Tusmsdiorty e
T¥mnudgdunsnssfuvamamienh  asldidedanfiarumuiliing  videlddmiums
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Pnauns 2.2 asdanaldinduusiifldnddalunsmanudnues  Eddy
current vutuihTanlane wenmdonnenuifidenliudy Ao Aanudueuldmauivdn
wazanwnsthlaihestag feu a1efl 2.1 wansenaudueumanivin wazaanin
nsthlihgestagfivlivaaeulunided

a

M1519% 2.1 Aenuduguldniawivén wazaanimnisiliihvesian [17)

o4 AANuTueUlAndvan AranInn1sun kTN
Jaanlglunisneaau
) (H/m) (S/m)
WIRNWAL LUBS SS400 6.3x107 1.00x10"
availlley was 5052 1.26x10° 3.77x10’
AMULAA LUBS 410 1.19x10° 1.44x10°

2.4 suwwimaniwimieai [16]
msasauuwivaniihaunsoaisldlaenisiuvaainseuunuy wazvhnisdeu
nazualwililvaruingsahi ashliAsauuuwimdnseutaginhiu Tnadeningsih
i wwmamienh Fsauuuiviniidetul aunsothluvssendldduita ieldlunis
nyvaeuian lneaunsafismunaanuidivesauuwivinld lnsmsfiuvunveaun seu
nsituvesuRaInTOULNY Tunvasnsualnih deudsiinaniand Wudedalasnseiuan
anudivesauNusinan wazmsidenuiintanvesunuiithanld dsianueazaiinaziidini
Fumuwimdniiseiu dwalildanuduresauuwimanisstuseuiy
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NN3UT 2.4 uamsauusiivanvesleduosd Tnefiunagainaiwean aiuiu
Auuusiivangsiian uazauuwimdndzanasstananimilawegainansiivinaaiean
vowunu  Tnsaunuindnvessamawienhuisledusssfissnuioguainaionaoni
uny asnsaedunglseinaunisi 2.3

|
X+— X——

g1 22 (2.3)
JU+2)+R JU—2)+R

W B fAs Anuuaunukiivan (T)
A9 ANAIUTUIULLIANVDILNUIAAILNTEILT (H/m)
N A8 IUIUTBUVBINITHUIAAIA (Turns)
I Ae nsswabwihndeulinnunainwmiientn (A)
| A9 ANUYIIVBIVARIALUTEIUT (M)
R Ae SAfvesnanndeu (m)
= o 1 1 <@
X A9 fkrdsuesaunuwmaninia (m)

Turaueiiaunsf 2.4 uaz 2.5 WaREUILLIMANILHEDNNIUSINGANINANYBILNY
YIRleausYs LarusInUaguaNY AIERY

B= lLlONI

= Nl Ty n=— (2.4)

B =%,u0n| (2.5)

nsdenldiagmhuvindusnuvewemawiendn  dudusssdnuiainainnudugiu
wildnvestan AmuTueuudmanvesian fe Auawsalunsulenhaunuudman
yoeian Wisualiouduarmnudiliiiluisesenseualnin wasianseenunludndiuves

= ° . 4 o i 1 v ¢ 1@ & v oo’
nswillenhauuwivan B vi3aisendt anuvuwdundndusiivan naseaunuuivanty
fveslan H waz x4 Ao AnspevaussveswivanneTanuilasie vse Wumivsuenis

AMLEANNTAIUNIRATNALINWImaNTeTTaR Awandluaunisi 2.6

B
u=8 (2.6)

Tngrpnuduguiinanaziuegiumvesauiuwivan  uazanuduwivinvesian
dnsuAANTNULMEn Aauandluaunisi 2.7
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(2.7)

dlo u, Ao AduTULnEnvesenA FaliAwindu 4 x1077 (H/m)

. Ao AdulszAvdTuguwivinvesian

M15199 2.2 Anduuszansmnudusnulivnsusdindnvesiansiiaige [1]

[y

YANSANUTUTIULINILLVAN

ald
Tanlavenauiiniia 600 1.05
wannanlsaty vSeamuag was 304 1
Tl 1
NOUNADY / UTOUL 1
availiley 1
wianwas Tauady 30
WianASUDU 200
wannanlsaiy viseamuag was 410 360
AAALKY 2000
WANNAHANG 9000
waslsn 10000

1Y a1 o a £ 1 =3 [ 1 [ & a 1
MWﬂ%ﬁ@lﬂﬂJﬂ?ﬁMUi%ﬁ%ﬁ%tﬂ%?‘ULLJJL‘WaﬂGUEN'JZ"IQZLI’]ﬂﬂ’J’] 1 aaqngmﬁsmﬂ LW@ﬁiLLllﬂ

\win (Ferromagnetic) luanAdeillavinnnsidenldtanidumeslsuunudnd niunisasng
aunuidvanndianueainleduses  ne1s9R 2.2 ldinsuiwesisnilandueu
| & o | o v & a o o8 Y a v ! I

walvidndias WwitnzwAnNsUU U usnute 1ty liAneL T taukswan il

USnaungameiuiu

dHomnlummAdeifinuszgndldvameiinseduieliihnszuasdy  Fwenanis
2ashiinszuaadunedany Taovhlusashiinssuaaduazdseneulusme fduniu (R)
famileanh () wazdufuuszg (O wiagnandafios sy uazdunieni MiAeades
funuideilivi
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) )
& &

©

R L
Z=R Z=X =oL=27fL 2 2
Z=Jx2+R

0 = 0° » 6=90°

R R R
(n) () (A)

Ul 2.5 29asliiinszuaaduuarduiiuaud
(M) Wenusgunuiisasiie
(@) diousmieninfisadudie
(A) Woruissmideniuazindunu

wa

Nngui 25 (1) dedldsiumulnsaslwihnssuaaduifisssien xlinuaudine
fianszuadilvawiionlurasiwiiinssuanss Tnedufiuaud (Z) swihdufdiunu fe
Z =R waweslnozunsuvosnszudlnih uazussdulwihosiivlaingsiu Tusudl 25 @)
wansiteniluasininssuaaduifiosiuien Wedrelwinssuaadulyifusumien
wAndufiunudvosiamieanirty Sund1 Inductive reactance (X, ) famideahiaziing
Frunszudlifinduioatuiduny wasdufiunudrenasi fe Z=X_=ol=27fL

lnawaigesinozunsuvesnseualiinzamamsewiuliiiedg 907 uavluguin 2.5 () uans
19sbiinsEuaadunismunuLardwite eIy

2.5 nQwivas Hall Effect sensor [16, 18]

2.5.1 Usingn1salvas Hall
anunsnedunelininguil 2.6 Tnedleteunszualiifininluluusiulavegsth vie
Hall Element luwausdildflavmwivdn  Aenssualnitlvaluwivlans  devhnisia
wsaslinpnasenfiusulanyiiu wsulnihanaseudandueue Tuvausfidiornisdie
nsvualiiiliunusiulavesng  Aflaunuwivdnluiasainfunszudlnihilaluwslans
devhnisausssuliimnasouusiulavednh Waussiuliihanaseuiy ﬁaLLam’LugUﬁ 2.6
UsingnisaifiiaduiiGendt Ysingnisal Hall Effect
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5UN 2.6 uanensiinusngnisal Hall

Tngussiulnihnnaseniiiinuuuiulangdiit 13endn Hall voltage (V,,)
Andudlefuszadidnnsou (e) wwdsuiiluwiulansiihdlavinistenssualni (1) Tu
Ushaunfiauwuudmandadifiansainiuudulanedani (B,) fianuwun (d) wasdlany
WLUUYeIUTERNRdeuUN (n) duandluaunisn 2.8 way 2.9 lne R, 1umduuszansues
Hall Effect sensor @svuiauas Hall voltage aguUsHUlAENTINUIUIAVDIAUILLIMENT
a £ 3 s v yavo % a4 o o’ o
AnTu nUsingnsal Hall Effect § Feladiusnasiantosinauuudivan wasimmuiun
\Ju Hall Effect sensor fivhuuszandldlutlagiu

1B,
Vy =—— (2.8)
ned
R, IB
_ nEL=AE
VH_ 3 (2.9)

2.5.2 Hall Effect sensor
aunsalnsiasmdentdluauideil fie Hall Effect sensor A1301 [19] Wugunsnl

a

ATIvsTiinuduS fuAvesaEuiman A uuUasy aansaUszynaldanunis
a3 inldvannyane 1l N1IRTITABUFRUMNS T8N ARSI MsenunInTIaaauiuian
Tanzsineq Hall Effect sensor {{ufifiew uasldnudusefnaufedagiu esan dunush &
UsEAvEnImnsvineiugs numnusiean mkandeusnan W du th uaznisduagiiiou

Hall Effect sensor léunsufuusslimngay iiolvldussdulwiliondnnds
Hudadrlaeasaiuaunuwimaniuasuuiadly mﬂgﬂﬁ 2.7 uansvunn wavdiuuseney
99 Hall Effect sensor Taefivismun 3 971 977l 1 A ussdulrifnBunmiidnely Genseglutag
4.5-6.0 V 9171 2 fip ¥In316 Wazwdl 3 Ae uswiuliiiesin, v3e Hall voltage Tngluvasy
filsiffaunsusimdnoguiinusou Hall Effect sensor aziiussiulvliiendinaasiivl 50% vos
usaulwihiteudily vidednussiulnilnondnmidin Offset voltage %1 Hall Effect
sensor A1301 fianldimnullunismevaussienunduvesaunausivgn Ae 2.5 mv/G
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4.0920.08
|<—>1mm 1.520.05 mmﬁk——(

. 45°
o

| 3.0240,08 mm

I

0.79 mm#‘

25 mm

14,9940,

o L, By I | |

UM 2.7 uanavung wagdiuusenauved Hall Effect sensor

Faimvesaunuuimaniinaiu Hall voltage Tnamnihdald (—B ) wWrlndaumii
499 Hall Effect sensor A1wa4 Hall voltage azfidndisdu luvadt Wovthdanile (+B) 1h
& Hall voltage azfdnamandudndiudy ieswin Hall voltage 7iUAsuniaslul
arwdiiudifuarunduvesauuuivin  wesfirvesauiuusingn  Tnedndntanninssy
urenublunsmevaussesauiuulngn fuwanduaunisi 2.10

VH(-B) "VH(+B)
28

(2.10)

Sens =

9 Sens Ao ArrnuhilunsnevaussvesauINLIwEn (mV/T)

Vs Vaes A0 wssulilihiendwaves Hall Effect sensor 9216

(—B) wagduwilo (+B) audsu (V)

B Ao AULNAWILLILAN (T)

2.6 993NV [20]
nsvenedyguinludeddounsal WewesBidnnsedndfivreiuvuansonaives
Foyey1ou MUeeFy QI TUR Y IAINYNIIUDA IR ST NLIAIA L TN QI aIe9e) LAz

gy anfivwnlugnidyaiasiy Fidesunfudasludyaraduneifioungn was
v a{'

poansziulseansamiei luldauiugunsaidug
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2.6.1 29sveneusssulniuuundumadmiunsasaiudgs
TurmAfedinmslisaseeusssulifhuuundumadionsesauias lng
1995988ussulT LU UnaULWE Li“jJumssumaé’zgapm@uwmlﬁlﬁé’ﬁgzywcul,mﬁwmé’mv\laﬁ
180" uawfimInsesnrmidiiganinaruddidmualiinluld  uazdarudidiniianuid
Foamstisly vildlnsnmaiudafiudssgdnlvlusseesussiulifuuunduma fuang
Tugui 2.8

Re

V|N Ot__tFA / .
Vour

JUN 2.8 uannasvgngusiuliihuuunduma dwsunsesnuias

U

Taganansananladn Anudfmvue A AudseEIY (Cut off frequency)
AuTaAIAANNDFRHIULAAINENNITN 2.11

Sl 108 @, = :

(2.11)
¢ 2z 2z2R,C R,C

We  f. Ao Amuddeculady (Hz)
we F9 ANUARALTIY (rad/s)
R, Ao MU (Q)

C fe fuiuuseq (F)

2.6.2 29330818 %¥UAAATELD (Class A amplifier circuit)
GLumsﬁzJmaé’zyapngml,ﬂqaaﬂL‘ﬁuﬂma@mf] aungldu azUsednsnm
louA 1. 2995v818Aa@Le (Class A amplifier circuit) 2. 29a5988Aa180 (Class B amplifier
circuit) 3. 2935vw7eAadeyd (Class AB amplifier circuit) 4. 2995v818Aa18%Y (Class C
amplifier circuit) Wag 5. 1995vV818AA1ER (Class D amplifier circuit) Faagnanianeasns
venedyanaildlunuiseifionasiion fio Class-A amplifier circut
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Vce

R2
R1

Power transistor

5UN 2.9 uanRsveedyaia Class-A amplifier 9819418

MNgUA 2.9 uans Class-A amplifier circuit eg1sd1e Usznaulusne Tadh
nzuanse Inihnssuaadu fduniu fuiulszy waevsudanes lngansausulssld
puATAzaLTeINTlF U MssIeeRmalishTI v efideutein SediusyAnsam
AsveneUsana 25-50% tedvesranai fo duyaadlelifieufinden Tnedndudes
vanidsansteudyanudunniigsauiuly dielvdynaneodnaliiAnaufiaiienty u
fodevasnaatifomaineiuiougs  desmindnszualvalunsasmaennan  wsiarlil
dyraudunadeaudiluiny

2.7 Tangdanidldluawaded [17]

TurmAfedldidenldTanfunndstu 3 ¥ia fo win awuaa viemdnndlfatuuas
ovglifion Favaniis 3 vinilldgnidontumedeu iesandutagiigminsnldnunnluny
gnamnssy  warlunsilodalane  Wnelusidetendninnantivestaquiazsiione

9
[

gy

2.7.1 azgililley (Aluminum)
funumddymesnugramnssy faueudafiuiiauls Ao Liluasfiy Ll
AelAaUszneln Tahfuudindn liue Seumuuis dwaliddwinu aunse
ilUldanulavainvate awnsadn nde wazndswuulddie nunusensieaiuwazn1sin
nsou fnaaudFEmlunsthlvihlsidussnad s1egn uinnuudsuseh orafansineldie
Fafimaumaiiveuudausdituezaliden Wonruudus wanefunisldousnntu &
TusAdeiidonld ovgfiden wos A5052 munnmsgiu IS



19

2.7.2 wén (Steel)

Hulangiignihanldediaunsvans wusnnldlusssumni nsdanldauezses
thinagausmanneufiaztianliusglovifudusol wandulangdvvEoding fanann
fnnausRuivingain Sandnilmiufumuusefegs unu Snisdailiiuasanuiou
1$Fgnee anunsovdewditindusulnadly uenanddniuudssuldvannvans ilevunld
Tu@dauszdniu wislulssnugeaiunssuly sawdandndvaunsausuugsnuninlalaenis
Ansmpinag eiuanuudauss anumiler Bvsnzassensldam wu wannd manvnde
Husu TuemiddedldiGenldivinusdu 1nse SS400 ausnsgILves JIS G3101-1995

2.7.3 wiannanldafiu sedmuiad (Stainless steel)

Tumddmnssumannantiatudemhunldou  IpefinuaudBnumusenisin
nIou Lﬁawﬂﬂﬁﬂ%mm‘lﬂﬂﬁemmauagjaaiwﬁaa 12% Fsazansalesiunsiinatiuuag
Jestunstanseuld Favdnndl¥aduuvseondu 4 i 1Hun Martensitic, Ferritic,
Precipitation- hardening wag Austenitic Tumiaseiavndniafivwia Martensitic Wiy
doswnluemAdeilfidentd winné1¥aty vdin Martensitic AISI 410 FeuBnnuaasgiu
ASTM Standard w84 Stainless Steel Liguwindumannanliaiin 1CR13, S41000 (US AlSI,
ASTM)

wannantsaiuuila Martensitic Humdnndsauiiduiinamiveunasegly
iumwmﬂmwumimum uaziisnduuanet Ao dnifa laudt Tasdlon uazwunila
mammmmmammmumwaqmﬂmi%LLmLLm wianvzliguaudidu Martensite ladne
waznisyuudadumaiiunnuudusdiudminndliatueindld mahluldnuasdentd
Thnzausvsinonuiug  flesinmdnndlSadusiaiifauiumudenisiinaiuuas
arundasduseiuiiviunas  Taefanudumunisianseutesnitwanndiladuie
Austenitic uay Ferritic uwatlaziinuudeissagnuniuinnni LLaummauumLumaﬂmmm
wulunisldauindmnssuialy Wy aaﬂmam Fadn Wy Tudusnewend anlu
man gunsalltesdnsdmiunisnanaesdn in3eallownmd uazgnamnssue s usu

2.8 nsulasnizes [21-24]
maudanies I Wumsudasdyarandvedlugivedawunalieglusuvesdyain

v Y Y Y Y v
[

AMNDvTelAUALD alamuauddenldlunisieseidygin [Wesnaunsa ATz
dyanaladenilamuna lawuaud Inemaliizenin aunasu (Spectrum) A15ALATIENR
Fyaaadnesuldounsuyides  waznswdaslSes  Jaduiugiuddglunsinssi

HE QU IUNIIAINTTY

2.8.1 msuwdawssiulnihlvieglugulaumiian
nswendyaalugUredamuaud  Suannsklassaiuliiieidne
984 Hall Effect sensor ilavinnisnaaeuiuanviegluguaduamasu (amunan) lunuidy
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14 i
1oy x(n)==>"X(k)e'N , n=0,£1,+2,... (2.14)
N i
= o “ 2r o d_ e o o 2
feomiyag Ao = wfou ussmwdendueiin Ao -k,

k=012,..,N -1 wiileanrnnisiuiade DFT Mnawulunseuwn 344 FFT (Fast
Fourier transform) Tuﬂmt,ﬁ’lsu{]zgmﬁ

Wi x(n) Wudduaudedou wieaduiarduiuese 91w N =2 0 log
n=0,12,..,N-1udl# X(k) A= DFT ves k Via;m lag k=0,12,...,N-1

2z

N-1 L% Nt
X(K)=Dx(me N =) x(nWy" (2.15)
n=0 n=0

.27

' iy ' v o I e
We W, =e N fasindl N 989 1 @ndn (a primitive N™-root of unity) #1113

o w

I a I3 | O A v do o & ! a o ada =1 @ o 1
wusBune x(n) eanluaesdiu Wufe fvmauluavg wagdndintavdidadud wwld
X (k) Tnd 1Ju

N/2-1 N/2-1
X(K)= Y X@mWI"+ D" x(2n+ W, o" (2.16)
n=0 n=0
N/2-1 N/2-1
= > X)W + D x@n+DWW)"E (2.17)
n=0 n=0

.27
= 2 _Jm _ AL
Weowin W) =e M2 =W, azld

N/2-1 N/2-1
X(K)= D X)W, +Wg > x(2n+1)W,, (2.18)
n= n=0

Junsewa (N /2) - point DFT o WY Jailuanidsdou 3oni1 Twiddle
factor Tutumauiidun1uued@ n sonluassdiu Tuvaueidid k atunsauvseaniduass
dulagunennuy Tagludrunsn Ae k=0,12,..,N/2-1 Fslgaun1sn 2.18 Tunisaiuin

[ (%
1 =

wazdufiansie k=N/2,..N -1 faviiusa® drudezdu k+N /2 de k Wustludu
WSn
90 X(k+N/2) lnsunu k g k+N/2 lugunsi 2.18 agla

N/2-1 N/2-1
XMW W2 S x(2n + WMD" (2.19)

n=0 n=0

X(K+N/2)=
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N/2-1

N/2-1
= 2 X)Wy, )Wy )" +WaWi™* 3 x(2n+ D)W, )W)"  (2.20)

n=0 n=0

Wesan W2 —e 27 =1 uay W2 =g i27V2IN —eoim — 1 qglg

N/2-1 N/2-1
X(k+N/2)= > x2n)Wy,) W > x2n+1)Wy, (2.21)
n=0 n=0

wazvanansaauns i 2.18 way 2.21 lduinide FFT Sensda FFT auim N 90 fio
AsAIwIaL N - point DFT #me FFT 1uies

N3UM 2.1 wanslauaudi 5 kHz Wevhnsudasanguuuulasmnaidy
sUuuulaunwd TaeldnsuvasyiSesainlusunsy MATLAB

Frequency-Domain
5V,5KHz Example

Amplitude (V)

=y

wﬁ’“ﬁ ‘A;‘zb ‘zhs‘ % L '-

5 35 40

o

Frequency (kHz)

5UM 2.11 uansgulauaind

2.9 @3u

Tuuniinamdanisnumuissanssy sddefitauiedesiunuised vadesnsly
Hall Effect sensor lunsldifionsiatadan anudn mnumun sUwessosunniIvuTan
mmamwaaamﬂugﬂqusuaqimuummﬁ sullufmgquiinendesine Wy nsvedeu
Toglsivihane nszualnadu Hall Effect sensor awwuwswdnlndiundeadh 2sasnisvens
Fuanaidenuld nsuadawunandulawuanuddenisld FET Tulusunsy MATLAB
Hudu
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NNSODNLUUSZUU Lhazn1sA U

NMTIENSUTEaNEAMYes Hall Effect sensor lngfiansainNIsnouauedvasian
lavzilunsdifinwainszuunmsnsziuueaiawienhiuananady 2 38 ensinsei
wssrulniihuaslawuaud dwaliluuning1nfie nsesnkuusEUUNMIMAgU N5Ln
awmwiwdnivileenisnsgdurnainmiient  Jaudassuunansesuauuimanting

[ ax A v = o w o
ganillu 2 3§ Ao msnsedwvemawlenhmeliiinssuanss (Pure DO) wagn1snIzAu

N o v % ! U v .
aawlenhmeliinssuanswazlifinssuaadusinduinseeedyyin (Combined
DC) wiiewfinUszd@nsnmues Hall Effect sensor lunsnageuiuiaglavelunsd@ny n1s
wuzihgunsaiildluandded  swludadiavenisanduanddeluiueneg  weeiuns
Vadey NMIUsERIaNa warn1suanang Jdladidnnisilnezunsuiiieaduiedunaunisvingu
YDITFUUNITNAABULALLAAIHNALAYTIN

3.1 aasnudnaunudmianiiin uaza9asudasAinig

3.1.1 2sasidadunnusivanini
aa Ql' 1% o a | Y 19
ngquinanuluuni 2 nsasessuuinlaauiuwimantni asdesld
wssulihnszduveaawdestlininaunaudmantiihiy FdumAdedliuvmisnsedu
ypamntenieendu 2 JUkuu fe nsnseiuvaaInmilendihuy Pure DC uay N13
nszAuvRaInmilekuy Combined DC lagdinsviausinfiuiasuengdyyunaiate

(Class-A amplifier circuit)

DC POWER SUPPLY 30visa Hall Effect
sensor

Solenoid

Power supply Measuring instrument

JUN 3.1 wanaiaIenen sl UM 3.2 wanslnozunsussuunsyinnuLes
NILUANTI 34 MCH-K305D Pure DC
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Vce

AC
. i~
0V I > TIP120

0.1 pF Q
100 Q
g Solenoid
Coil

JUM 3.3 Uane9Rsvenedyayn UM 3.4 uanuaIesnidndeyay o
Class-A amplifier U HP-33120A
Hall Effect

Oscillator

O—

Sensor

Class-A M ing inst t
Power amplifier circuit €asuring mstrumen

Microcontroller

Solenoid ‘

Power supply

UM 3.5 uanslaezinsuszuun1sinenuees Combined DC

Tumsarsaunuwsiménliiinlaglénnsnszduiuu Pure DC Isidenldiaiea DC-
Power supply Ju MCH-K305D fauandlusuil 3.1 wazanguil 3.2 wanslaezunsuszuuns
vhaoudleldnsnszdussainmieniuou Pure DC  Tngldlvlihnszuansenszduunadn
willenirdifinsfinga Hall Effect sensor titevhmstaauuusimnlihidsuuadly way
Aussulihildidnddiunes Microcontroller uazdaiiuluneuiinmes

NN3UT 3.3 uannsasidaauuutmanliilaeldnisnszduiuy Combined
DC afimsldlwiiinssuanss (Voo waglwihnszuaadusanivasasvenedayaia Class-A
esiuindyann Ju HP-33120A dauandusuil 3.4 dgminnldiilelvisudndyayin
sUpAuledumsasveedygna Class-A dmiuveonszualiiiliunvnaiamileni e
sl Taslumateilaldmud 260 1z WaUNFA 6 Vp-p dwmsunis
ﬂszéjuwmmmﬁmﬁmw Combined DC Tnglpagunsuszuun1sinauues Combined DC
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wanslanaluzun 3.5 Bellszuumavinuadeiuseuuves Pure DC udllauumnsaiuly
druvesIsnsnseRuamamite vl

Vrms
5.00

4.00
3.00
2.00
1.00

0.00
-1.00

Voltage (Vrms)

-2.00
-3.00
-4.00
-5.00

JUN 3.6 uansguaduusenuliiiiaiean Class-A amplifier

desnmsnsgiuramamioniuy  Combined DC  finmsldsasvene
usesulih Class A Fasasvensussiuliihdnwasiinisldmnuisuiuliiinssuanss
LLazLLNéTuVLWWWLQ?{EJﬁLLamaaﬂmﬁaﬁﬁﬂwmzLﬁugﬂﬂﬁui%ﬁﬁﬁmi shift - ulumednuuan
Bntios dauanslilugud 3.6

3.1.2 299sulasAraunundwaninia
TumsinfanazdesiigunsaiiuAamiuuaninwesmuiduauuuiménild &
Tusddeillgidenld Hall Effect sensor wos 1301 é’fﬂLLamﬂug‘Uﬁ 3.7 lnedinsldeausiuiu
r9asudasAaunumdnlniihdiléann Hall Effect sensor Wunsssuluih dmsuiluldly
AFIATIEIALSIAUNS b LLazﬁmﬁLmﬁﬂw%ﬁlﬁwmLﬁummﬁiugﬂmaﬂmuunm
dorfiunisuUasdyao LLaziLﬂiqzﬁﬁ@mﬂmiugﬂLLUUGUaaImaJumm?isialﬂ

&2

g‘tJ‘i"i 3.7 wd@m Hall Effect sensor A1301

100 KQ

(4] <s5v

B

12

1yF 10KQ s e %
_E ) |
T

| — ]

Output to A/D Output to V/F l

Converter Converter

5U7 3.8 waRIasUasANau LA AN TSy Hall Effect sensor
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Ul 3.9 uans Arduino Mega 2560 Rev3

NNgUT 38 uannsesuUasaususimaniviinlaednsldomuimdiu - Hall
Effect sensor 4491n5U95Us2NBUME1aslng 3 @ Ao 29asnTesmuiigs 2995vee
wssulnivedainssuaady  wazrsasuasmussiumalihnssuaasuiunseuloii
nvIAnss ntueinazgnasluss A/D Converter Tuauideiiléidentd Arduino Mega
2560 Rev3 fauandluguil 3.9 uazrsasuvasussiulwiindunad FeluemATeiidonldled
wes AD654 Tagnsasudasusaduliindunnud wansldfduzui 3.10 wagldfinsldindos
ooadalaalay (Oscilloscope) §u RIGOL DS1052F lumsdudynnunrwdiieanunidu

sUARUEmMAYN AagUN 3.11

Vs
+15V
0.1uF
0.1yF
g 7 6 5 I
= 4 'RIGOL SIS =,
) AD654 | g A
1 =]
(1] 2 3 4 ; :
k 1
= 100 @ &
Vs
5V 10kQ == | .
10 kQ
O
= Fout VIN
Irre 1
Ul 3.10 wannsasuUasussiulwiindy JUA 3.11 wansnsoseoadaladlay
AD Voltage to Frequency (Oscilloscope) U RIGOL
Converter DS1052E

3.2 miaamwmma'mmﬁmﬁ'}
Tunsesnuuureaaumisnilidenldvnanvinleduoss TasiduaInnoeg

U953 UK Standard wire gauge (SWG) kg3 22 aunaLdunnaudnae 0.395 mm #useu

wnuneslsn YwnANEs 3.5 cm. WWusAugna1 1.3 cm. 9119 200 T0U é’auamﬂugﬂﬁ

3.12
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| RN =
jQ 30.10

1MODE
tESTING

F:2.8888 kHz R.H ON
l V:11.27S U C.V ON

| TUT naNu_ INT.B OFF

e

Ul 3.13 wanan3esiiodann LCR 130 LCR Meter

IN3UN 3.13 wanwA3ed LCR Meter Instex g1 LCR 816 dagnihanldlunisineiaing
AU AZAIANUMLEIUITDIUAEINT  REAIAIUMNEINE  ATAIAIIUAUNIUYD
YAAINMARLIUIN AB 1.1541 mH wag 0.473 Q MuUaeU

3.3 gunsaimsdinluusazdiu uazianlanznagau

33.1 3esiiensin
MnMseenuuuYsaInmieni  iedesdeindudiiduiulunisnsel  uas
yaaou Insiatesdiofithanldlunuided Ao wiesTngaini GRAPHTEC $u midi LOGGER
GL240 ifievhmsinguaiivinaunuvesuaainmionir fdneasiadines fu FLUKE 115
dmsuinanszualiiihfilvaniiuaeain  waniedesdiotnauiuudivin  AC/DC Magnetic
meter EXTECH Instruments §u SDL900 tfleanlddaaunsusimdnliihuinaunuves
wnaInwmioni dofinisnsedudonszualnihdy Saannsouandd lusuil 3.14
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GRAPHTEC

(n) (¥)

(A)

Uil 3.14 wanansesilomasguildlumsin
(n) 1A309¥ngaIQH GRAPHTEC u midi LOGGER
GL240
(v) Adnoadiaffitnes Ju FLUKE 115
(m) wSesiletnauuwiugn AC/DC Magnetic meter
EXTECH Instruments 314 SDL900
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332 Funuiaglans (Dunsdifnulunimeageu
nsmaaeuMImeausstasiaglavyluuided 1Hdenlvanlansdah 3 wia
fio mén ovgiliiloy uavawuea Avuiawindu fo AwAe 50 mm wazANE1 50
mm fEANIIALARSY A 1 mm, 2 mm wag 3 mm fauansluguil 3.15

(n) )

(R)

[

Ut 3.15 uans¥anlaveflivaaeulumiaded
() widin
(v) exgiliilay
(A) dwuLad

Tnefanlangithunldlunsmaaoufunsdifinunaiingnun  asnsadugunse
o9 ueninflenngunsdudenaniaililumadeils Sebidmasdomsta Hesan Hall
Effect sensor Jnarundumesaunuuimdnuinaiuivesiaqwiniy uddedidnalunisie
oA mnsmunvesian Fadunaainarwdnlunsmienhvesnszualvaiy aunguiais
anlunswilonivesnszudlvaiu wagszegesening Hall Effect sensor Autaglanyd
Ywmegey  lasanuduvssauuwivanisulsinduiusseziimesiagnagounas  Hall
Effect sensor
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3.4 N139RNLUUTTUUNIIMAGRUTARLANE

Tusuideildgnosnuuuliieuneldnimaasuuuulsivihatsing (NDT) Taglda
$9uAU Hall Effect sensor dm¥uinnisidsunasdiniuiduvesauiuusivanludiag
Aaduainnianieiiivesunain fﬂmﬁmﬂizLLalwa’;uuuﬁuﬁ’maqi’a@ﬁ’aﬁﬁ Nt
wsaulfin9n Hall Effect sensor agnuasasvenedyaiudafinaniuiwdludiudnediu
wazadluda Arduino Mega 2560 Rev3 wiatnadilddaiuluneufiames wazinsziina
sely wufsaiuludiuvesmsiinszinismaasddusuveslamuniiud Tagsiinisuvas
w3asulnAn9n Hall Effect sensor L‘ff]ummﬁgﬂﬂﬁugmﬁﬂmm V/F Converter circuit k&g
tharmudlusuveslammnaild dafvlunenfiames uaglilusunsy MATLAB lunis
Uszananadeygod é’faLLamﬂugUﬁ 3.16

V/F
Converter > I I I I I |
Circuit
A

: AD
——FEddy Current—| Measuring unit > Sl‘.gr.l al‘ »  Converter [(——»
Conditioning Circuit

5UM 3.16 uansszuunsinlagsiy

3.5 NMsANiUUIY

TumssufiuamAdelfuismshaueendu 2 suuuy Ae msnszfuvamamienth
WU Pure DC uagnanssfuumaanmientiuuy Combined DC dwisapaguiuuldivionis
Anngioenilu 3 dw oA mslieseiduusifsdesiuraanmioni msuaniua
novaussvasianlany uazmnnyinanismevauesvesianlavylusulnmueud

3.5.1 A15AATIZRAUITNNITBINUVARIANLEUN
muUsineasivinmimmionimgniiandemed Ao aamgilaueu
a P ° ~l v ' < a
Ushauwnuuesueaiawideddn  nssudliihnldlunisnssduaniuwimanlvinumangasly
A9 tazauukdwdn i iifinannismientinvesunain FeenUsnnanuidnsaule
gmienzilasnisiioudiey  lukivesnsnsziuauuwiudnivihvesunaiaumieatig
@oa3Uluy A Pure DC uag Combined DC

3.5.1.1 A1QMAIANNTBUUTINUNUYRIYARINLUTYILN
MlATzviRmginuTouUsInkNUTeamIAwileni  lagninn
a I Y P a o A Y 1 [ ¥ 1
fsandududunsn  WesndlevinisUeunssualiiionseduawuuaimanininlvun
wnanamieiindusyeriaruiuetadmalimianansenune Hall Effect sensor 16 39911013
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AnneiguuniiaufeusensFudeunsudlniiiliuiunaindl 0.5 A 1 A 1.5 A wag 2 A
Huszornan 1 Salusdenszudliifihdingsdiu 1 i aniduldielesingamgd Ju midi
LOGGER GL240 Tunsinuaztufindgamgivounumieii Wudwou 3 ads fuandy
g‘dﬁ 3.14 (n)

3.5.1.2 dnszualwihiilénszduunanmieni
Humsenevinssudlninilflunsnseduvnaamioni dduvasi
vnsneasuiuviiavesianlangdaiiinsasunvadly Tnsduiusiuansaduli
L01WNAYDS Hall Effect sensor uaglilifinoasiaffines su FLUKE 115 duandlugui
3.14 (v)

3.5.1.3 aaunuwimidninitvesvaaiawmieai
mMsiesgiaauuusivanldliiaiealofnauuusivdn u  SDL900
ﬁQLLamqiugﬂﬁ 314 (a) lunstamauuwivaniiihanunwsamuidenihfiineinnis
ASEFULUU Pure DC Wag Combined DC @sgufl 3.17 uamansinAnaunuusimaniyiii
U3nfenansunuesunanamieath ﬁ%wsﬁ‘]uu’%nmﬁm%’uﬁmﬁ% Hall Effect sensor

E‘U n 3.17 memimmaumLL&Jmaﬂiﬂ/\lﬁmmmmﬂmaLmusuaqsummmmumm

3.5.2 MIMAFBUNSUEAINANIINBUAUDIYLTHAlans
TunsaAiiuauide "LéfaaﬂLL‘UU@Umaﬁmsmaaué’maﬂﬂugﬂﬁ 318 s
Uszneulumuendesezaiidela  Tasinggiiuiianinaisuesndes gusesvnmamilenh
IR Hall Effect sensor uazduaunagoy

Specimen

Hall Effect sensor

Solenoid coil

gﬂﬁ 3.18 LLami‘ULL‘UUﬁnammiaaﬂLL‘U‘U@UﬂmmimaaU
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NsAARagUnsalngd93 Hall Effect sensor lagniindsisnuviianananaadumin

YosHuerAddAla AuvuT 3 mm Tuusnusiigniigmurisinaisueindetezaianla
lpgsivunaundg 3 cm wag 813 3 cm aauandlugui 3.19

ANNKN 3 MM I

e - — m,

5UM 3.19 UaAuIAAIUNINE AN WAZAUVUIYBIUNUBEAREATIONIAY

1al o 1

aawmilenilagnanasld Hall Effect sensor agifiumteNnaIunuves
~ o A o 1 v 1 & o a % [ a
aawilgnhieinAanuduvesanuudvaniuasunladdls  dawanddusun  3.20
warlunsfnesll wnatamileni way Hall Effect sensor lufinsdudany lnsfisseziig
Usganad 1 mm daaadlusuf 321 suldfiddlunsveasy dunudanlavenageuasdl
2821119970 Hall Effect sensor iy dadunismuauszezienaiinadiunisinle

5UN 3.20 uanansinfa Hall Effect sensor uazuaainmiedn
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JUM 3.21 Uanasyeeinesening Hall JUM 3.22 uanagduuun1svageuy
Effect sensor kazunain
willend

NN3UT 3.22 wansgunsaimInaaey sadsguuuunsnageu Taglunsvaaey
whnsnszduvamamieanily 2 suuuy feinanuudluseudy Wevaainmieth
assaunsndnvihiuiiuinuseus Juifaglavenaaeunnsuundesesadanla ivsim
Aananafimsfinds Hall Effect sensor Miflefnnuiduvosauuusindnlwidudeunas
0 iflesnnluuiutaglaveneaeuiinszualvorwiotu warlufanlovsusazafadanudy
aunsusiivan i funnsstu

3.5.3 N15AATIRNAN1TRBVANRsYasiaqlugulamuAud

v
Pure DC » Metal specimens - . :C\ "
am i

Hall Effect sensor I —

| ness
=] == N v
h e wiag| Lot
Combined DC » Solenoid coil e i
W o wkQ

Measuring Unit Signal Conditioning rnn

Excitation system to solenoid coil

Voltage to Frequency Converter

4

Time Domain

! Frequency Domain
il :

ERENOIEE, Y G S e e

Time Domain to
Frequency Domain

JUN 3.23 UanssyuumMIATIEiNan1snavauesasian lugukuuvedauaud

NNTUT 3.23 wanssEUUNMTIATIEHaNInUaUs Y Tan lugULuuvedlaly
mud Teouanmsnsedureamamionily 2 suuuu  uasvhnsinlaeldgunsalng
VndoUTioaNLUULY mﬂﬁ?w,%’wédamaq Signal conditioning tlevn1sUSuuss waziUdey
Fyanadiiarumnzadlumsthluldon  desnlddedussiulwihiignuiuusaudaluda
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Voltage to frequency converter uazthemnuilusuvedlauinan (Time domain) 1114
TUsunsu MATLAB luilsiu Fast Fourier transform w38 FFT LﬁaLLUaammﬁiugﬂLmu
Tnwunalidulawunud (Frequency domain) fauansieddluguil 3.24 uagyhnns
Anneisudanasell 915Ut 3.25 uansfognsnmiauveslusunsy MATLAB neddu

R2017b, 64-bit (win6d) Tunisuannalyieglusuvedlammaud warlusuil 326 uans
wunin1siaulaglyd MATLAB

MATLAB R2017b -]

m < Figure 1: WITSARUT-LAR ls
Y W v File Edt View lnsen Tools Desktep Window Help
) NS dS| A OUDRL- Q0B nD
Frequency-Domain
Combined DC

Aluminum 1mm

—
>4
2
ff— I¥l, Y1] = mffc(yl): :
| o
£
25, h', LNW-2) < 1
: 0
£rcz019m07 0 5 10 15 20 25 30 35 40
e Frequency (kHz)

#2013 In 3% Col 28

Uil 3.24 uansiiogesmshauvestusunsy MATLAB

Time Domain

3

Frequency Domain

JUN 3.25 wanwiegavedlawunaniowandulawmuniud
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Start

A J

Data export to
Voltage to Frequency
Converter

Data export to
Excel

Y

MATLAB Software
Fast Fourier
Transform (FFT)

Plot the graph of
Frequency Domain

End

JUN 3.26 uanwnugiinszuiunsulasnlaunandulawuniiug
Taelaluswnsy MATLAB

3.6 @3l

TuunillFnamiimsesnuuussuilasny smsiidaauausindnliih uazises
nsudasasigg niseenuuuvamamienih Tanlavefidontnnlflunsmagou i 3 via
sl indesdiomnnsguililunisinvesnaded gunsainad Hall Effect sensor i
dnnliiamanuduresauuwivaniniwesianlavsdniusazedn  wazmsandunule
fnshiauoidulaezunsy wazusuniinsvihau welsidleldde

Toglunssiuenided nszvhmeldnsnsedunaiamieiuy Pure DC uagnns
nszfuvamamieniuuy  Combined DC  Gawamsnaaeuiildazidunsinneiile
Wisuifsunadnstesi 2 svuu fanenanluundely Tuideifes wanisveass uazns
BRIGRERG



unil 4

NANTIINAADY LardAUIIuNaANITNARDY

uniindnisnauieuiisunanmeaeunimeuaussesfaquiarein  Hunsdifin
sullosnanmsnszduauuutmdnlaidiuandnaiy 2 JUuuuAe Pure DC  way
Combined DC iteifiuuszansnmlunsinliifiu Hall Effect sensor Tavinnsfiansanna
msnanadudueig Budusfasanmnssudliihinzay TasuansueosninlusUes
gumgdl HansnevausvesiagiuanimasenilugULUUTesauLutmARLI nszualnih
Aglvifurnanamionihiuasundadly wssfulifinednnves Hall Effect sensor 2l
faSsuifisunanismaasslusuvedammuaud Fananussiulwihesinaves Hall Effect
sensor ANNITHAAINAAIY Oscilloscope wazanlusunTy MATLAB

4.1 Nﬁﬂ"l'i‘l/lﬂaa\‘lL‘ﬁla‘lfi']ﬂﬁgLLﬁlWW"I‘ﬁLWSJ']ZﬁQJﬁ']W%IU?Iﬂa'JﬂL‘Vi‘ﬁ&l?‘qu Taenns
Fagampiiuuunuvesunadniinszualniindisieg
Aowvhnsnaseuiuian Sudusesmnssualnihiivmnzaslunislifionszduunann
wilpnh  Fafledrenszudlrlinliuivaanduszozinauiy  vemneainauieuasa
uazineudemeld nemnvamainaudeuaraniinnniiuly enadssansenuiu Hall
Effect sensor Iéiduifiendu esnlunisesnuuugunsnimanaaey Iéihnsinda Hall
Effect sensor fIUTMMUULLNLIBsYAGIN fefinansnudluuniiinun

15A

Ve 1.0A

— 05A
-~

Temperature (°C)

Temperature ("C)

20_,,,,,,,,.,,,,,,,j,,,,,,,,,,,,,,,,,,j,,,,,,,,1,,,,,\,iRoomTemp 3] i . W\Room Temp

T T T T 5 T T T T T T
600 1200 1800 2400 3000 3600 0 600 1200 1800 2400 3000
Time (S) Time (8)

1
3600

(n) )

SUN 4.1 uanegaumiluulnuYeamnmily i
(M) N1NTEAULUY Pure DC
(¥) M3nsEAULUY Combined DC

PNMIANIAMANTRNTMIUNIUANTEUYEY Hall Effect sensor @anansanuaIm
SouldUszanas 50 °C wingamgigaruiuluasrdmalinanisneuaussvasauiuwiivan
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Wasuwasluly Tneuvsmsiansansendu 2 dw fe msi’mqmmﬁmaqmmmmmﬁmﬁ'}ﬁ
Tdnsnsgdusuy Pure DC uaz Combined DC lnslumsvnasuvasiisaosguiuy Iiae
nseualiiluivnainaand 0.5 A 1.0 A 1.5 A uag 2 A mUa19eU YINISNAEDUIIUIU 3
afs pdiay 1 HlusdonisAnsvualin annansnaemmuin nssualiiihdunzay Ae
nszualwililugag 0.5 A - 1 A fuwanddugud 4.1 (0) uaz (@)

A13197 4.1 Wesidudanurainmdsuresaumgiiuurnainmile

Pure DC Combined DC
4, L 4 wWesiudaumain o 4 wesifudaumain
nzudlindne  anmgiade 4 4 4 o ouvgilade R
. WwAU Waiguny AU Wiaweuniu
Tknvnan (A) (°C) o (°Q) o
DUNNIUNDY (%) DUNNIUNDY (%)
0.5 25.949 2.968 26.563 5.405
1.0 29.212 15.916 30.558 21.257
1.5 32.122 27.463 38.292 51.946
2.0 43,619 73.084 52.159 106.972

MMAINA 4.1 wansosiduianuraInndeuTatgagiuuunaIamieat e
= = 1Y a v a o o aa < ad A
Wisuieuivgamgivieslurasiviinisia lnveamgiinuandunsadugumniineteves
gamaiinaeuudativly 1 9lus 91nmsvegeudiwiu 3 Ase dunalddndesidudeiny
AAALAREY LB UAURMMIToIveITEUUNIINTEAUIAAINIMTEIIIMUY Combined DC
= ¢ = < = A i v = ° =
UUDIGUAAIULAFDUNGINIITZUUNITNILAUVAAIALUUYIUILUY  Pure DC  LUBIAIN
Combined DC M54 Class-A amplifier lun1snseduunainmiteltdsinanuiougs

a

M15719% 4.2 WWasiFufAULANGN$ZAI19 Pure DC waz Combined DC vasgaugil

U

YUVARINLATEILN

Pure DC/ Combined DC

o z oS usAIULANFI
d ew MR URINIARITFUUNTT
nszualndneliunvnaIn (A)

SEWINADITTUUNS
nagasy (C)
NAEU (%)
0.5 26.256 2.338
1.0 29.885 4.504
1.5 35.207 17.524

2.0 47.889 17.832
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Tuvaizd 990915797 4.2 wanaesidusinnuunndnaseming Pure DC wag Combined
DC  vosgamgiiuuvaainwieni  ievnuszavsnmlunissrenseualifihdmiunsedu
wnmnwisnhvesiiaessUuutlugamgdiiligeuinnanszmuse Hall Effect sensor @9
dunszualiih 05 A - 1.0 A dusngasdwiuianldfenseduramamilenh Fal
Wedldudmnuuaninavesgamniisening Pure DC uay Combined DC ogfl 2.338% way
0.500% vasnszudlili 05 A uaz 1.0 A audu TnsluemAdedlddenldnseudlnihg
08 A lesnannsanseiurnamamioniiioaiaunuwiminldegnaiiussansam
snnnmsldnszualadid 0.5 A uaznszualiiiing 08 A axligamgliiininssualdig
1.0 A

o/ 1% .
4.2 wamsmauauawamaﬂam Iﬂﬁlﬂ"l'iﬂ'iz('?]ULL‘U‘U Pure DC wag Combined
DC
Tunsihiauenanismeaedtiudseandu 3 juuuy fe 1. auuudméniii 2.
nszualiihingliwnvaatawmitedi way 3. ussnulnierdnmain Hall Effect sensor &9
Wauelagn1seugUNANTNARBIINATINSEAUYARIAWMTENNTY 2 JUWUU fie M3
v PN ° v a ° .
NITAUVANINLNULIUILUU Pure DC kagNITNTEAUIARINLAULIUILUU Combined DC

4.2.1 wan1snaassluguuuuauuutimanlnia

= Steel

—e— Stainless Steel
Aluminum

—w— Default

—0
213735

= g

(B]

UM 4.2 wansaunuwaimdnivideldnisnsesuiuy Pure DC

nansaaediuzukuuvesawmudwdntiiiuiannisinaususdvanliing

a = Y Y a o oA o v = °
UShaufenfiu Hall Effect sensor lagniinfsed Wevin1snseauvnaInmileadiuuy Pure
DC anunsauandldfiaguil 4.2 9nuanismaassszdunalainminaiuisanevauedldania
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=Ky =

Tanuiedu luvasnawuiea svalflon wavlun1sinvaenlilifan In1snovaussdeanis

q

naaaulalnatAseiy alianusalenNanIInaUaLRIRaNNNULABEITALIY

—a— Steel
20 _ —a— Stainless Steel
Aluminum
21+ —y— Default
204 5 = 0
& 20.0045 20.006 20.0075
E 191
3
[F]
= 18+
)
3 17 1
216
% 5] 147135 15.047 15.0065
= = 2 14.8325
m :
14 - 14.336 14.624
13 ~
12 T T T Lt T ¥ T = I
1.0 15 2.0 25 3.0
Thickness (mm)

JUN 4.3 wansaunuwimdnivideldnisnsesuiuy Combined DC

NJUT 4.3 wansmansveaesauuudmaninil  dieldnnsnsgdunuy
Combined DC lng¥anlavizydaman awnsansvausssion snadouldod sty wing
avallillon awuaa waviilovinisinvuenldfidan Wawsawennanisneuausseananiuy

1§ wwderiunansvaaswesaunuudmanluiniisldnisnszduuuy Pure DC

4.2.2 wan1snaaasluguuuunseuelni

nszualiiAnanslunansneasstl  w1annseealiinfaeliunainuileniin

dwsuldnsziuunainlunisadisauunivanini Jaannsiesizinssualnihnangliun
r-:ll o le’el % - & % 6 dl'

naanwteadniinnuduiusivwsaiuliiiedwman Hall Effect sensor Ll@sa1nms
LanINaNIIeaeanseualiivesvnan Weldnisnseauiuy Pure DC nszualniinfiuans
panunluTanudazylin dendlndfesiuuinauliauisanensenaniulaegistnia siuly
= I < A v [ = o < 1
mim’lmsmmmaaﬂmLﬂugﬂm’lwsmwulm F9vNsHanNanIsneaaduAInsswa i
wiavan wagluwsinzanunuvesianusiasyiln dawanslunisn 4.3



40

M1519% 4.3 nszualnivewaammdesiilunisnsyduaunudmaniniinuy Pure DC

nszwannTeliununan (A)

AIUNUIVDLIER) WWiEN Awuad aaililey vauzlaifidan
(mm)
1 0.807 0.804 0.8109 0.8035
2 0.807 0.807 0.8108 0.8079
3 0.807 0.801 0.8107 0.8075

NNV 4.4 wanswansaaesnszudliiivesvamamienh Weldnsnsedu
LUU Combined DC 91nnsm Tushumnamunvesianusasuiadailndifsaiu Tuvaedily
Funsnevauesesiandieldnisnseduuuy Combined DC famanuviaiinismevuaues
167 wianuansnovaussvesammaa szdanaliiflidlndiAssiutunanisneuausses
nazualnitlurneliivan Geildliunndetuannd mnthanfeutuanaiilugjazdma
TYanawmuaa wazilolifivag liaunsousnnanismevaussesnaniuldegnadnion

—a— Steel
0.84 - —a— Stainless Steel
Aluminum
0.82 4 |—w— Default
0.801
0.80 0.79505 0.797
o 0.78 0.78095 0.7§23
< 0.78 1 A -
5 0.7749 0.7755 0.77606
= 0.76
O
0.74 4
0.724
0.70945 0.7095 0.7096
0.70 T ¥ T T T T T ¥ T
1.0 15 2.0 25 3.0

Thickness (mm)

UM 4.4 wanensualiihvesemaileldnisnseduwuy Combined DC

4.2.3 wamsnaaasluguuuuusaiulniiendnn
NAMSNAABUNIeUALDWEITan  Tnensfiansandiussdulaiitedvmann
Hall Effect sensor WiovhmsinfuTanman evafidlen uazamuaa neinsTeudiouiu
Ausafuliintedinmann Hall Effect sensor ielsifinsmaaou’an
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% 4.0
z Steel
$ 3.5 Reference value
,E 3.0216 \ 3.02 3.024 Aluminum
3.0
=
= ¥ \ v 7
T 254 2.6852 2.6853 2.6853
o A e &
%D 204 22325 223 2.23
=3 Stainless steel
1.5
1.0 T T T T T T T T T
1.0 15 20 25 3.0
Thickness (mm)

gﬂﬁ 4.5 LLamLmﬁuMﬁ%mﬁwmm Hall Effect sensor Imamamzéjmwu Pure DC

NN 4.5 uansamsvaassvesusaduliieinmileldnisnszduvaan
wilshuuy Pure DC Tngnanismevauestasvdnuazanuias anssaugnesnanils
ogstaou  Tuvasfussiulaiiediymann  Hall Effect sensor wesezgiiflon Ay
ussdulwihiodmadlolifinisiadan  lunnqaumnliannsausnaanisneuauedesnain
Aula

Steel

o)
<}
J

i ]
4.6735 4.6835
Stainless steel

&~
W

1
g
A
(3%
o

by
o
1

3.6355 3.6219 3.645

w
73
1

Reference value

[S]
[
1

Voltage Hall Effect sensor (V)
o

2.1677 2.166 2.1623
2.0 N ¥ " Aluminum
1.8682
154 1.7415 15995
1.0 T T T ¥ T T T ¥ T
1.0 15 20 25 3.0
Thickness (mm)

JUN 4.6 wanawsssiulniiesinnves Hall Effect sensor Inensnsgduluy Combined DC

NNFUN 4.6 Weldnsnseduvnainmieitiiuy Combined DC wsasiulnih
1@1ANAN Hall Effect sensor anansaunenviinvesianvsanuriineanainiulaeegistniau
wagluveiiediunanisnevauearianoraiideslunivesanuvun  deaunsauenaen

[ Y < ! I = & =i a0 ! v
nndulsiluegned  Fulunaunainaumsn 2.2 leganudimhunsuldlunssiuunain
~ ° . A a Yo A &
willgaduy Combined DC @ansanenauviuivesazaiiilelans 5 mm luvueiivan
LaralAUAAaNITINENAUVUNIALAES 0.137 mm Uag 0.84 mm Muddu Liadunane
AMLBLTIURImMANTesTaRwAazlaTiuaneiy SauluBsaud ity wnldanudeay
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'
[

a1130@379 Eddy current loanninnisldanudgs asinaniunluited 2.3.2 5eeAuan
Tunsiuilenunves Eddy current

4.3 ansmauauevesianlnenisiosanlugUveslamunud
lushdethinauonansmeaeausuidfisussminnisnssfurnmamieniuuy - Pure
DC uaz Combined DC Fsuanswamsnaasslugivoddamuamiud lngu1ainnsudas
usauilsliiondinmuas Hall Effect sensor WoglusUvasiammiie andurhmsutama
maveaesiegluguuuuvedasminat Weglusuvedlamuniud Taslilusunsy MATLAB
NnMsUTuusisienswassafuliindunmd Tiusuudenlneiuseuladi 5
V azldnud 5 kHz feweuwdgn 5 Ves 71 Time division Wiy 500 s Fausadulwiinfiia
16910 Hall Effect sensor anansathluisuiisufuanudfignuuasesninld Tneluienans
Joyavedlod AD654 Voltage to frequency [25] syuwesidudnnuianainvesnnnududs
dudleldmuilutsfinanandalidiesndt 1% Feanusahlusuiiivufuanuiiign
wasnld wemuafinansly Oscilloscope warAMLATINaINMSAILIATBs MATLAR Tng
uanamaoonuLdunmAtuanssiuvesagudazyia

4.3.1 N1INTLHUYARIAUUY Pure DC
nansnaaedusuuuuveslawumiiflohnsintan 3 vdafunndsiu Tog
lunanisnaaesazyinnsilsuiiguiuseninnsuananaves  Oscilloscope  WAZHANTT

naaesInN1sAIMlagldlusunsy MATLAB

Frequency-Domain
RIGOL STOR oo frr e & B 1,280
TT ﬁ Pure DC

Steel 1mm

"\ f=3.0165 kHz
‘LJ L A .JL\._!\ I T O e O | At
10 15 20 25 30 35 40

Frequency (kHz)

o

'S
T

w
T

I 1
1 i
[
FO

Amplitude (V)

o
3]

Uppllli= 2421 Frealll=2,.94 lkHz
[EFE] 1.@EL Time DEHE.Hus DHE.GEEHDS

(n) ()

Ul 4.7 wansnsiSeuifisunanisaassves Pure DC Tugduuulaumanuivesianman
fienumin 1 mm
(1) wWan15neas9v1n Oscilloscope
(¥) HAIINNTAIUME MATLAB

INFUN 4.7 (n) ANURVRINANITNARBIAIN Oscilloscope A 2.941 kHz usigu
N 47 (V) ANUDUBINANISNAABIIINAITANUINAIY MATLAB Aa 3.0165 kHz Tuvtueh
wsasulildnann Hall Effect sensor Avnsiale fe 3.02 V wWesidudmnunainaasy
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s¥MILsInuUlningIn Hall Effect sensor fiu A11ufian Oscilloscope WazAIILARINATS
AUIUAIE MATLAB A 2.615% waz 0.12% auaidu

RIGOL STOF W@M £ @ 1.z60 Frequency-oomaln
1i' T ﬁ Pure DC
b
Lo Steel 2mm
i 5 T T
—~A4r E
=
g9 £=3.0165 kHz ]
= -
£
<} =
0 5 10 15 20 25 30 35 40
Hppilr= 2, 4810 Freail) =3, 125kH= Frequency (kHZ)
[MIEET 1.@al Time SEE.Bus -6 .BEEES
() @)

gﬂﬁ 4.8 LanINSUSEUNBUNANISNAaB9YBY Pure DC 1u;sﬂLLUUI@meam?ﬁJmi’aamﬁﬂ
Feumun 2 mm
(1) HNaN13NMae931N Oscilloscope
() WAINAITAIUINAIY MATLAB

mﬂguﬁ 4.8 (n) ANWAYEINANTTNAABIAN Oscilloscope Ap 3.125 kHz usigy
7 48 (1) AUAYENANIINAABININMIAILILGIE MATLAB Ao 3.0165 kHz luwveusd
wseulniinenn Hall Effect sensor 7ivhnnsinld Ao 3.023 V Wedldurnumainindeu
seniausaduliihein Hall Effect sensor fiu AvuAann Oscilloscope wagANAaINNNg
ALY MATLAB A9 3.374% Way 0.215% A1uansu

RIGOL STOF (N fororrcfoooommmennend | 1,264 Frequency-Domain
R H Pure DC
P Steel 3mm
i I 5 T T
~4F
B ! S
I 83t £=3.0165 kHz
S
S
<,
0
0 5 10 15 20 25 30 35 40
Uppilli= 248U Fresil) =3 .94 1kHz Frequency (kHz)
(HIFEm 1.GAL Time SBE.0uS B0 .0A60s
(n) @)

g'ﬂﬁ 4.9 LanINSUSEUNBUNANISNAaB9Y8Y Pure DC IugﬂLLUUI@Lmuﬂmu?isuaqﬁ'aqmﬁﬂ
Feun 3 mm
(1) wWan1INAav931n Oscilloscope
() WAIINNITATUIEIAIY MATLAB
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mﬂgﬂﬁ 4.9 (1) ANLAvBINANIINARBIINN Oscilloscope Ao 2.941 kHz usisy
7 4.9 @) MINETENANITVIAGBIINNITAIINGIE MATLAB Ao 3.0165 kHz luwnid
wsaulniiiann Hall Effect sensor fivhnnsiald Ao 3.023 vV wWoesidudanunaimadou
sewiaussdulniian Hall Effect sensor fiu audEa1n Oscilloscope wagAILATINANS

ANUIUAIE MATLAB AB 2.713% wag 0.215% muansu

RIGOL STOF o R i ] F B 1.z26y Frequency-Domain
T T
v Pure DC

4

E E Stainless 1Tmm
NREEnEnEEn NN E A T ]

et L UL L L L L L L L L L
L N f=2.231 kHz

!
!
i
AiM.A‘M.AAAJAJL. Adoe A Ao

Amplitude (V)

Ad

oo

5 10 15 20 25 30 35
Frequency (kHz)
Uprill=_ 2,481 Freal =2l 174kHz

[EaFEE 1.80U Time 308.0us D-0.0E0EHS

n) (@)

gih‘?i 4.10 LanINSUTBUTBUNANIINAGDIUBY Pure DC TugﬂLLUUImuummﬁﬂm
Jananuiaa namun 1 mm
(1) wWan1INAav991n Oscilloscope
(@) WAINNITAUIBINIE MATLAB

40

mﬂ'gﬂﬁ 4.10 (n), 4.11 (n) AIUAYDINANTNARBIN Oscilloscope Huum
WY AB 2.174 kHz Lwigﬂﬁ 4.10 (), 4.11 () ANUAYBIHANTNAABINMTAIIAS Y
MATLAB #a 2.231 kHz Tuvausdiusssiulniingnn Hall Effect sensor fivmsinle fe 2.233
v wWesiusmnunaiaadoussrinaussduliiinein Hall Effect sensor fu audann
Oscilloscope WagAMNANINNTAMINGIE MATLAB e 2.642% uaz 0.089% auddiu Ha
MNIVABBIRITINA1L LT UNANITNAADOSEAUAETIAIILAUY 1 mm Was 2 mm Fediuuin

whiuluyneen
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RIGDL STDP W [ o T eend] | F 1,280 Frequency-Domain
i Pure DC
Stainless 2mm

1ﬁhmﬂmﬂﬂﬂﬂmmﬂ

o

—~4r
>
unuuuuuuuuuuU|@ "\ f-2.231 Ktz
Lol
L] =3
S
<.l -
0 AAAJMALA..J\A‘A‘L_AMJA‘A
0 5 10 15 25 30 35 40
Frequency (kHz)
URRll=, 2,481 Fresil) =Z. 174kHz
[CH 1=l Time 588,.8us GHE.EE066=
(n) (V)

gﬂ‘ﬁ 4.11 uamINSUTBUTIBUNaNISNAGDUBY Pure DC IugULLUUImLuuﬂawmﬁsuaq
TARALAUAA finnumu 2 mm
(1) wWan1INAaB991n Oscilloscope
(1) WAINNITAIUIUAIY MATLAB

1ummsﬁgﬂﬁ 4.12 (n) ANuAvBmWANINAABI91N Oscilloscope Ad 2.174 kHz
L.wigﬂﬁ 4.12 (9) AMINAVDINANIINARBIININAIIAIUINGIE MATLAB o 2.231 kHz Tuausd
useulniinenn Hall Effect sensor 7ivhnnsinld Ao 2.231 V wWedldurnumainindeu
senausduliihen Hall Effect sensor fiu AuAann Oscilloscope wazANAIINANS
ATIAE MATLAB g 2.55% way 0%

RIGOL _STOP ) | e eeeeed | £ 1,200 Frequency-Domain

! Pure DC

1hhnﬂﬂﬂmmmﬂﬂﬂ

Stainless 3mm

5
nLE_L.EL.ILll_II_JI_ILIL_lUI..JUL_[I ST
b 8t N\ [=2.231 kHz
1 =
O =A |
£
<,l ﬂ _
0 l‘u A..JLMJ\AAJLL Afoe A By
0 30 35 40
Frequency (kHz)
Ueriti= 2,481 Freail) =2\ 174kHz
MEEET 1.@GL Time S68.6us 006 .GE06s
() ()

g'ﬂﬁ 4.12 LanInsiUSEULNBUNaN1SAaesYas Pure DC ‘Lugﬂuwimuumm?{mm
TananuLaa fienumn 3 mm
(1) wWan1INAae931n Oscilloscope
() WAIINAITATUIEIAIY MATLAB
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RIGOL STOF (B [ femrcmmsoceend | F 1,26

. Frequency-Domain
T T ﬁ Pure DC
Pl 5 Aluminum 1mm
jLU1LJ|‘]LJr1[.Il.WLJ'rh|l_|[-]LJrTL.J[_llJﬂlJrulLJrWI.Jr]l_lml.Jl_'LJl_lL.l il
”I i =l \_ [=2.6859 kHz
" % |
E
<4
0
0 5 10 15 20 25 30 35 40
Frequency (kHz)
Urrlll=_ 2.48U Frealll=2.7AZkHz
MIEEE 1.8 Time 386 .8us D40 .E0508=s
(n) ()

Ul 4.13 wansmsiSouifisunanismnassves Pure DC Tuguuuulamuanuives
Sanorgiillon finrmmun 1 mm
(1) wWaN1INAaB991n Oscilloscope
(1) WAIINAIIAUIUAIY MATLAB

mﬂgﬂﬁ 4.13 (n) ANNAYBINANITNAGBIIN Oscilloscope f® 2.703 kHz u
U 4.13 (@) ANUATBIHANTNIARBIINNNNSAIUIRIFIY MATLAB e 2.6859 kHz Tuvmedi
usafulndiann Hall Effect sensor Mvinisiald fia 2.684 V Wesidudanunainnden
senausduliihein Hall Effect sensor fiu AuAann Oscilloscope wazANAIINANS
ABAY MATLAB Ao 0.707% Way 0.071% miuasu

RIGOL STOF (W foocciorommnened £ Q) 1,280
T

Frequency-Domain
Pure DC
Aluminum 2mm

o

S
T

S

Al £=2.6859 kHz

3

S2f

IS

<,
0
0 5 10 15 20 25 30 35 40

Frequency (kHz)
Urrillr=_2.48l Frealll=2.TE3kHz
[MENED 1.@&L.) Time 588.8us 06 ,086860=
(n) ()

Ul 4.14 wansmsi3euifisunanismaassves Pure DC Tuguuuulamuanuives
Sanorgfiflon finrmmun 2 mm
(1) wWan1INAae991n Oscilloscope
(¥) WAIINNITAINMEY MATLAB

NFUN 4.14 (1) ANUAYDINANITNARBIAN Oscilloscope uarsuin 4.14 (V)
ANUAVDINANITNARBIIINNITATLINAIEY  MATLAB  HAWWIAUNANITNARBINAUVILIVEY
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a a

araliloy 1 mm Tuvusinsssulninain Hall Effect sensor MYNn1530la Ao 2.686 V way

Y

Tesidudmnuaataeaaunuanasluseninusssulndiann  Hall Effect sensor A

AND9N Oscilloscope WaZAIMNAAINATTAIUIUAIY MATLAB AB 0.633% Way 0.0037%
ANAIAY

RIGOL STOF (R fooccoimmmmmmmresceedd £ B 10260
Fr

Frequency-Domain

L [ Pure DC
i

Aluminum 3mm

N\ f=2.6859 kHz

o

FS
T

w
T

Amplitude (V)

T

oo
o

10 15 20 25 30 35 40
Frequency (kHz)

Upplll=_Z2.42) Frealll=2.7TAZkHz
[MIFER 1.48a.) Time SEE.Bus DHE.COEEs

(n) (%)

gih‘?i 4.15 WAAINTISTIUNEUNANIINAADIYBS Pure DC TugﬂLLUUImuummﬁﬂm
Sanorgiiflon finrmmun 3 mm
(1) Wan1sNAae93nn Oscilloscope
(®¥) WAAINNITAUINIE MATLAB

mﬂgﬂﬁ 4.15 (n) ANUAYDINANITNARBIIN Oscilloscope LLazgﬂ‘ﬁ 4.15 (v)
ANAUBINANITNARBINNNISAINGIE MATLAB fiswifunanisnaassfininumuives
ozgiiiln 1 mm waz 2 mm Tuvaeiussiulalihiednain Hall Effect sensor Mimsn
1§ fe 2685 Vv lneflvesidudnnunainndeuiuanddluseninaussiulaiiian Hall
Effect sensor U A31MAIN Oscilloscope LaEAMNENNITFINGIE MATLAB Ao
0.670% waz 0.034% ALY
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RIGOL STOF (B for-ioormmmmhrneeer] || F 1.20U

: Frequency-Domain

[ Pure DC

1
i Default 1mm

aininRalnintadatninininiaininin G

ol LU UL LHUDUUUUUUL o ]
34 N\ f=2.6859 kHz |
2
B2
=
<,
OO 5 10 15 20 25 30 35 40
Urpili= 2,481 Fresill=2 . TA3kHz Frequency (kHz)
EIFER 1.G00 Time S08.6us ©+0.0000s
(n) (V)

gih‘?i 4.16 LARINSWUSEUIEUNANISNAABIUBY Pure DC ’Lugﬂmuimuummﬁ' \lolaifiYan
Tuvauzyin1sIa fieumun 1 mm
(1) Wan1sNAae93nn Oscilloscope
(1) WAINNITAIUIUAIY MATLAB

RIGOL STOF (N fooroofrormmsmhoneeed £ B 1,200 Frequency-Domain

] Pure DC
Default 2mm

=
e

e
|

NOOnAnnOnOnononl i ]

N\ f=2.6859 kHz

IS
T

w
T

ol UUUUUUUULULUULUL

Amplitude (V)

0 5 10 15 20 25 30 35 40
Frequency (kHz)
Uprili= 2,481 Freaill=Z.Ta3kHz
[L'H 1 Tsi] Time SHE.Hus DHE.EEEES
n) (V)

Ul 4.17 wansmsiSeuifisunanisnnasswes Pure DC luguuulammannud Welifivan
Tuvauzsinisin fienamiun 2 mm
(1) Wan1sNAae93nn Oscilloscope
(®¥) HAINNITAINAE MATLAB

mﬂgﬂ‘ﬁ 4.16 (n) wag 4.17 (n) ANNAYBINANITNARDIIN Oscilloscope E‘Uﬁ
4.16 () waz 4.17 (1) ANUDVOIHANITNAABIIINNISAIUINGIE MATLAB ussdulniihann
Hall Effect sensor fivhms¥ald salufsresidudanuaainndeusing Afinanaun
%ﬁqé’uﬁmwhﬁ‘umamimaaaﬁmﬂwuwaq@zgﬁLﬁam 3 mm
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RIGOL STOP N fooecfrmmrrmaereee | £ B 1,280 Frequency-Domain
T 1|' ﬁ Pure DC
Lo
i 1

Default 3mm

N\ f=2.6859 kHz

o

'S
T

w
T

Amplitude (V)

o®
o

10 15 20 25 30 35 40
Frequency (kHz)

Verill=_2.481) Frealll=2.Ta3kHz
[L'H 1 sl Time SHE.0us OHE.0EEDS

(n) (@)

[

JUN 4.18 wamamaiUSeuiisunanisnaesed Pure DC Tugunuulamuninud Wisliiliian
Tuvagyinsin Arumu1 3 mm
(1) wWan1INAaB991n Oscilloscope

() NAINNITANUIEAIY MATLAB

mﬂgﬂﬁ 4.18 (n) AudvesHANIMAABsAN Oscilloscope g‘d'ﬁ' 4.18 (v)
AVINAUBINANIINARBININNITAIWINGIE MATLAB wsadiuliingin Hall Effect sensor 7ivi
msiald suluisridesifuinnueainiedewineg  Afinanaundrefusianvindunanis
wmaaaﬁmwwuwaaasqﬁtﬁw 1 mm nanfe fanudvessan1smnassain Oscilloscope
2703 kHz AMUAVOIHANITNARDIIINNIAILILAIE MATLAB Ju 26859 kHz uay
wsaduliingnn Hall Effect sensor TivinisTald fe 2.684 V lnsesidudaunainnden
sewiausessulninian Hall Effect sensor fiu audann Oscilloscope warANAaINNIg
AR MATLAB Ao 0.707% waz 0.071% AINaIAU
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Steel 1mm

"\ f=3.0165 kllz

o

Amplitude (V)

LA 11 O o B Yo 1 e O | el
10 15 20 25 30 35 40

Stainless 1mm

N\ 2231 kllz )

(=]
(3]

o

Amplitude (V)

o
(]

10 15 20 25 30 35 40
Aluminum 1mm
5 T T T
—~4af =2.6859 kI1
= i
D 3}
- 3
2
Ber
£
< 1 =
0
0 5 10 15 20 25 30 35 40
Default 1mm
5 T T T T T T
ab | 26859 Kz 1

w
T

Amplitude (V)

=)
o

10 15 20 25 30 35 40
Frequency (kHz)

JUT 4.19 uansmsilSeuiisulamuanudvesianusaveiia Tuseuu Pure DC
#ANUMWT 1 mm

U 419 waz 420 WunswSeuidieulasuaniuivesian  daudsnns
LU%EJULﬁsmﬁflummwmeuaﬁﬁ@Lm'amjﬁm Ima'gﬂﬁ 4.19, 4.20 (n) waz 4.20 (V) fimumu 1,
2 WA 3 mm AINEINU @NUNTORENKANTIBUALBIUDY WaN awuad wazevaililevean
nnfuldifuedned udluvaziiviinsielagummanian wanisneuaussiiuandesnin
ansousneenanezgiiienld  Feaenndestunanismaassifiansalaeldussiuliiin
1019 nAYY Hall Effect sensor



Amplitude (V) Amplitude (V) Amplitude (V)

Amplitude (V)

Steel 2mm

o

N\ f=3.0165 KIIz

>

w

N

o9

5 10 15 20 25 30 35 40
Stainless 2mm

o

IS
T

"\ f=2.231 kllz

w
T

N
T

T

o2
o
S

15 20 25 30 35 40
Aluminum 2mm

o

"\ f=2.6839 KIIz

5 10 15 20 25 30 35 40
Default 2mm

»

w

)

o

o

"\ f=2.6859 KIIz

IS

w

N

5 10 15 20 25 30 35 40
Frequency (kHz)

(n)

)

Amplitude (V)

Amplitude (V)

Amplitude (V)

Amplitude (V)

Steel 3mm

"\ f=30165 Kz

o

>
T

w
T

N
T

)
o

10 15 20 25 30 35 40
Stainless 3mm

o

>
T

"\ f=2.231 KIlz

w

N

P

5 10 15 20 25 30 35 40
Aluminum 3mm

o

™\ f=2.6859 KIlz

w  »
T T

N
T

-
an
e
=

3

3

Y P

oo

5 10 15 20 25 30 35 40
Default 3mm

o

kS

"\ f=2.6859 KIlz

w

N

5 10 15 20 25 30 35 40
Frequency (kHz)

(%)

oo

JUT 4.20 wanemsiUSeuiisulamuanudvesianusavaiin Tussuu Pure DC
(n) Aavuvesiagueazylini 2 mm

(¥) ANUUIveLIagusazytaf 3 mm

4.3.2 msnssﬁuwmmwu Combined DC

51

Junsuansmanisveaedusvuvvvedawuenuidernnisiniag 3 wiad

1 [y [ =g o = a [y 1
upneneiy  Wunsadny leglunan1imnaetagyinnsiussuisuiusznIn1TLanINaus s
Oscilloscope taguan1svaassannisaulalaeldlusunsy MATLAB wuheanuluiiden
431 wadunisuaniwanisnaaesiunainmsldnisnszduuaalinmiediiuuy Combined
DC
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RIGOL STOP (R pofosmmersrrnesd £ 1,280 :
T 5 Frequency-Domain
1
1

P Combined DC
; Steel 1mm

N\ f=4.628 kHz

o

IS
T

i
i
[

S

w
T

Amplitude (V)

=)
o

10 15 20 25 30 35 40
Frequency (kHz)
MINED 1.G860) Time SEE.Eus DHE.EB0EEs

Lerpill=" 2.521) Freaili=4.545kH=z

(n) (@)

Ul 4.21 wansmsiFeuifisunanismnasswes Combined DC Tuguuuulawmuaiad
yesTanuman fimamun 1 mm
(1) wWaN1INAaB991n Oscilloscope
(V) WaINMIAUINIY MATLAB

RIGOL STOF [ - NPT L 1.28U
TT 1 Frequency-Domain
; Combined DC

Steel 2mm

N f=4.628 kHz
Ad AL A A‘ J; N ! LA.
25

10 15 20 30 35 40
Frequency (kHz)
Uprill= 2,521 Frea(il=4.545kHz

MENE=E 1.G6U Time SEE.Bus UHE.600EHS

() (@)

d

S
T

w
T

Amplitude (V)

o°

JUN 4.22 uanamaUTeuisunan1smaaesred Combined DC Tuguuuulaimuanud
YoeTannan NAUMUT 2 mm

(1) Wan1sNAae9ann Oscilloscope
(1) WAIINAIAIUIUAIY MATLAB

leldsruunisnssduiuy Combined DC Yinsintanuwdniianamunsiou 1,
2 WA 3 mm wWundnshanaan snaaasviiuluyna c?w’ul,amiu'gﬂﬁ 4.21, 4.22 uag
4.23 Imagﬂﬁ 4.21 (n), 4.22 (n) wag 4.23 (n) AIUAYDINANTNARBIN Oscilloscope 7D
4.545 kHz Lwigﬂ‘ﬁ 4.21 (v) , 4.22 (v) uag 4.23 (V) ALATBINANITVIABBININANTAIUIEY
e MATLAB fio 4.628 kHz Tunasfiusssuliihenn Hall Effect sensor fivinisiale de
4.670 V Wesidusnuaainndeuszninausaiulniiiain Hall Effect sensor fu audiann
Oscilloscope ¥agAINLANNNITALILTIE MATLAB g 2.676% uaz 0.899% ANLAIRU
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RIGOL STOP E’M@M £ 1.28U Frequency.Domain

T v Combined DC
jl Steel 3mm

o

IS
T

- S
(B <
| o3| N\ [=4.628 kHz
| o
il 3
St
3
<.l
0
0 5 10 15 20 25 30 35 40
Frequency (kHz)
Uppll)= 2,52 Freaill=4.,545kHz
MEEET 1.PAU Time S08.0us G+ ,6606s
() @)

g'ﬂﬁ 4.23 uansmsiSeuifisunanisaaeses Combined DC Tusuuuulaiuunwi
yasTanuman fimamun 3 mm
(1) wWaN1INAae991n Oscilloscope
(1) WAIINAIAIUIUAIY MATLAB

RIGOL STOP (N fcocimmmesrdecceed 1.28Y Frequency-Domain

TT
E i v Combined DC
i Stainless 1mm

N\ f=3.677 kHz
/J\JL/\ AL Mh M JoAsK A
10 15 20

25 30 35 40
Upa(li= 2,530 ' Fresii=3.784kiz Frequency (kHz)
[CH 1= ] Time SHE.Bus D20, GEEE=s

() @)

5

IS
T

Amplitude (V)

T

o®

gﬂﬁ 4.24 LAAINSWIBUNEUNANIINAADIY83 Combined DC Iugﬂuw‘lmuummﬁ
yesTanamuLaa namun 1 mm
(1) Wan1sNAae9ann Oscilloscope
(W) WAAINNITAIUINIE MATLAB

mﬂgﬂﬁ 4.24 (n) ANUDVBINANITNAABIAN Oscilloscope fig 3.704 kHz Wi
gﬂﬁ 4.24 (4) AURVBINANITVIARBIAINNITAINGIE MATLAB Ao 3.677 kHz luvesi
wsaulniiann Hall Effect sensor fivhnsiald e 3.642 vV wWoesidudanunaimndou
sewiaussdulniiian Hall Effect sensor Aumudann Oscilloscope wagAINLARINNTT
AIBAEY MATLAB Ao 1.702% Way 0.961% muasu
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RIGOL STOP (K frcrrfommmmmrneed £ B 1,260 Frequency-Domain
T 1

i

! ]

1

Combined DC
Stainless 2mm

N\ f=3.677 kHz
MJLMJJLM I T Y
5 10 15 20 25

30 35 40

o

IS
T

w
T

Amplitude (V)

o°

Dprid) = 2,521 Freall)=3 .57 1kH=z
MINED 1.G860) Time SE0.Bus HE.000ES

Frequency (kHz)

() @)
JUN 4.25 uwanamaUTeuiisunan1svmnaesves Combined DC Tuguuuulatuanud
YorianaULad 1AUNUY 2 mm
(1) wWan1INAaB991n Oscilloscope
(¥) WAINNTAINAEY MATLAB

mﬂgﬂﬁ 4.25 (n) ANNAYBINANITNAGBIIN Oscilloscope f® 3.571 kHz u
gﬂ‘ﬁ 4.25 (¥) AINUDYDINANISNARBINNNISAINIAIFIE MATLAB fe 3.677 kHz luvai
useulndinenn Hall Effect sensor 7ivhnnsinle Ao 3.641 V Weodldurnumainindeu
senusduliiein Hall Effect sensor fuaudian Oscilloscope wazANAaINANg
ALY MATLAB A9 1.923% ey 0.988% A1ua6U

RIGOL STOF (R forooocfommmmmgennned | F 1.26U Frequency-Domain
T ]

1o

1

i 1

Combined DC
Stainless 3mm

[

IS
T

w
T

N\ f=3.677 kHz

Amplitude (V)

=)
3]

10 15 20 25 30 35 40
Uppil) =2, 48U Frealll=3 . 7@4kHz Frequency (kHz)
[IFEY 1.GEl) Time S80.0us -6 .06006=
() ()

Ul 4.26 wansmsFeuifisunanisnasswes Combined DC Tuguuuulamuaiad
yosTanamuLAd AU 3 mm
(1) wWan1INAae991n Oscilloscope
(¥) WAINNITAINAEY MATLAB

mﬂ'gﬂﬁ 4.26 (n) ANLAYBIHANTMAGBIINN Oscilloscope A 3.704 kHz us
JUT 4.26 (1) ANUATBINANITNAGBININANTAIUAIY MATLAB 18U 3.677 kHz Tuvoued
wsenulniann Hall Effect sensor #vinnsdala fe 3.641 V wWesigudmnunaininiou
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sewiausstulninian Hall Effect sensor fumudann Oscilloscope wagAINLAaINnTg
AU MATLAB A 1.7302% wag 0.9887% aNNaRU

RIGOL STOP (MR forrcofrsmmmgecennd | F 1.za1) Frequency-Domain
T

T [ Combined DC
P Aluminum 1mm
P 5 2 0 6 o 0 o T ]
LTI O TUUL of
BN sk | N\ f=1.859 kHz
+ A 3
=
IS
<,
0 5 10 15 20 25 30 35 40
UEril=. 2.4gu Freaii=1.852kHz Frequency (kHz)
[EFEE 1.88U Time S8@.0us O°0.06800s
(n) (V)

gﬂ N 4.27 LLammimswmauwamimaawm Combined DC ’Lusﬂuudmmumwm
suama@azqmuw fiauun 1 mm
(1) Wan1sNAae93nn Oscilloscope
(1) WAIINAIIAIUIUAIY MATLAB

mﬂgﬂ‘ﬁ 4.27 (n) ANUATBIHANTMAGBIINN Oscilloscope D 1.852 kHz us
gﬂﬁ 4.27 (9) ANATOINANIINARDIIINATISAIUINGIE MATLAB fio 1.859 kHz luvasil
useulniinenn Hall Effect sensor 7ivhnnsinle Ao 1.866 V wWedldurnumainindeu
sendausaduliihein Hall Effect sensor fuaudan Oscilloscope wagAINAaINATg
AUBAIY MATLAB Ao 0.750% Way 0.375% Mgy

Rxacu_ STCIP e SR I 2 | BT Frequency-Domain

v Combined DC
Aluminum 2mm

hhmmmmmmmmrs — T T

BJL_!L_IL_IL.JL_IL.II_JLJL.II_I ~
o T N\ f=1.735 kHz
- +hy = |
St
£
<,L
0 MJL LJL.AA_ VG P A Y VDS ORI W8 (o e PR
0 5 10 15 20 25 30 35 40
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Abstract: This paper presents the classification of metals materials by application of Hall Effect sensor based on the eddy
current method with non-destructive testing. The electromagnetic field was generated by winding an SWG 22 wire onto
the ferrite core to create a solenoid. Two measurement systems are used. One uses a Pure DC supply as the excitation
voltage of the electromagnetic field of the Hall Effect sensor system; while the other uses a combination of AC and DC
supply, which is amplified through an integrated Class-A amplifier circuit, as the excitation voltage. Three different metal
samples, namely, steel, aluminum and stainless steel were used as specimen. Current test conducted to determine the
suitable current level revealed that a 0.8 A current is safe to allow tests to be conducted. Results show that the Combined
DC system is capable to classify conductive materials, where the Pure DC system lacks in this functionality. The Output
voltage of Hall Effect sensor to test with steel, aluminum and stainless steel is 4.68 V, 1.74 V and 3.63 V, respectively.
Furthermore, the use of the Combined DC system enables aluminum thickness to be distinguished. The tolerance of the
system measuring the materials when using the Pure DC and Combined DC are + 0.0697% and + 0.5853% respectively.

Keywords: Hall Effect sensor, Metal materials, Electromagnetic field, Classification, Measurement, Instrumentation

1. INTRODUCTION

Non-destructive testing (NDT) is an effective
technique used to test imperfections on the specimen.
One of the most popular NDT technique is to use eddy
currents as a means to probe the specimen. Many works
exist in the literature on the various applications of the
eddy current testing. Ref [1] gives an overview of Non-
destructive testing techniques and outlining the use of
eddy current in measuring the thickness, size and
cracking shape of the material.

The use of a Hall Effect sensor in Non-destructive
testing applications has many advantages including high
durability, measurement performances and low cost.
These features have attracted many researchers to
develop various NDT techniques based on this type of
sensor. Fernandez et al. [2] demonstrated the effects of
heat on the Hall Effect sensor measurements with the
electromagnetic field of the excited coil for temperature
estimation, where the onset of heat decreases the
performance of the machine. Inthawatkul et al. [3]
studied the metal particles through the use of the Hall
Effect sensor under temperature conditions.

This research aims to classify metal materials through
the usage of a Hall Effect sensor. Specifically, a very low
signal is used which thereby requires the use of a Class-
A amplifier by direct current with stimulation with
frequency (Combined DC) to enable the Hall Effect
sensor to classify materials. The advantages of Class-A
amplifier circuit are simple to design and low cost than
other amplifier circuit class. [4]

# Vanisara Kaewnamchati is the presenter of this paper.
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2. PRINCIPLES

2.1 Generation of Electromagnetic Field

The measurement of materials requires induced
voltage on the specimen, which according to the eddy
current, is the electromagnetic field (B). The
electromagnetic field generated by winding a copper wire
(SWG 22) onto the ferrite core, namely Solenoid, as
shown in Figure 1. The north pole is the electromagnetic
field ejected from the end of the coil and where the
electromagnetic field rush into another side is the south
pole. The magnetic field is formed around the solenoid
coil but at the centre of the solenoid coil's
electromagnetic field has a maximum value. When
increasing the current (/) or the number of turns the coil
(N), the magnetic flux density is increasing too as shown
in Eq. (1). As well as the induced magnetic field (L) in
the solenoid coil if increasing the number of turns and
cross-sectional area of the core (4) the inductance will
increase proportionately, as shown in Eq. (2). [5]

NI
BSotenoid = e M
N 2A
o
LSolenoid / @

-7
K= by, fy = 4mx 10
u is the permeability of the medium (H/m)
ur1s the relative permeability
1o is the permeability of free space (H/m)

where

In this research, the solenoid coil winding with copper
wire (SWG 22) length (/) 3.5 cm., radius () 1.3 cm.
bound by 200-turns. The inductance of the solenoid coil
is 1.1541 mH.
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where Ry is Hall coefficier w< ™
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3.2 Electromagnetic Field System With Combined

DC

The coordination of direct current and alternating
current through the Class-A amplifier circuit by the
power supply input voltage is 3 V, the frequency is 260
Hz and the current is 0.8 A, to the measuring unit of
Figure 2. As well as Pure DC measurement system, the
output voltage of Hall Effect sensor is sent to a
microcontroller for analog-to-digital conversion (ADC)
and processed on a workstation and displayed on a
workstation. The measuring system of Combined DC
diagram is shown in Figure 4.

Hall Effect
sensor

Class-A o
Power amplifier circuit Measuring instrament, ’

Fig.4 The processing of measurement and analysis

system used the measuring instrument with
Combined DC.

Oscillator Solenoid

O—

Power supply

Note that the Hall Effect sensor measurement is
sensitive to the presep

of ey et setbsioendastittinene s

The test is conducted 3 times with one hour break
between each trial. The results showed that the proper
current is 0.5 A - 1 A due to the heat of current range is
not high to affect the Hall Effect sensor when used for a
long time, as shown in Figure 5 and Figure 6.

504
1.5A

10A

30 05A
/_

) “\\Room Temp

Temperature ("C)
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600 1200 1800 2400 3000 3600
Time (S)

Fig.5 The temperature of the coil when using excitation

with Pure DC.

Temperature ('C)
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since there are only 3% differences between the
electromagnetic field readings of aluminum and stainless
steel.
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Fig.7 The electromagnetic field of each material by using
excitation with Pure DC.
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Fig.8 The electromagnetic field of each material by using
excitation with Combined DC.

4.3 Experimental in Term of Current

From considering the intensity of the electromagnetic
field, the values are similar that can not be separated the
materials. Therefore, considering the current of each
material, figure 9 and figure 10 is an example
of measured current with a thickness of 3 mm of each
material.

Figure 9 shows the current measurements of the
materials through the use of the Pure DC system. The
currents have similar values at approximately 0.81 A,
hence the Pure DC approach is incapable of classifying

he materia his inabili ___,.'alsosnggeststs'fag*

—v— Current of materials |
0.90 4
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gy

Current (A)

e o o

3 8 B

T
<

0.76 4

0.74 4

0.724

0.70

StTeel Ahm;imnn Suin]e'ss steel Rcfnen'ce value
Samples

Fig.9 The current measurement when measured each

material, by using excitation with Pure DC.

Figure 10 shows the current measurements from the
solenoid coil using the excitation with the Combined DC.
The amount of current passing through steel is poorer
than those of aluminum, stainless steel and the reference
material. Specifically, the current difference between
steel and the default sample is approximately 0.09 A
(11.25%), whereas the current differences between
aluminum and stainless steel to the reference value are
approximately 0.01 A (1.2%). These small current
differences, particularly between that of stainless steel
and the reference value, show that although the current
based measuring systems are capable to detect the steel,
it cannot adequately classify the aluminum and stainless
steel.
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Fig.10 The current measurement when measured each
material, by using excitation with Combined DC.
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5. THE CLASSIFICATION OF METAL

MATERIALS

The experiments of Section 4.2 and 4.3 showed that
the intensities of electromagnetic field and the current
alone are not sufficient to classify the materials. This
section thus considers the Hall Voltage output from the
specimens. In this respect, specimens of steel, aluminum
and stainless steel specimen, each with thicknesses of 1
mm, 2 mm and 3 mm respectively, are stimulated with
Pure DC and Combined DC.

Figure 11 shows the Hall Voltage responses upon
stimulation with the Pure DC. It is seen in this figure that
steel and stainless steel will be successfully classified.
Note that the Hall Voltage response from aluminum is no
different from the normal output voltage of the Hall
Effect sensor when there is no material.

Steel

32 /f*‘_
3.0 3
= 3.0216 3.02 3.024
= »
Z s Reference value Aluminum
5
E 2.6852 2.6853 2.6853
= 2.6
531
c :
= Stainless steel
v 244
o
], 4

“al (22325 223 223

2.0 T T T T

10 15 20 25 3.0
Thickness (mm)
Fig.11 The output voltage of Hall Effect sensor when

measured each material, by using excitation with
Pure DC.

Figure 12 shows the Hall Voltage responses upon
excitation with the Combined DC system. Note that for
this system, there exists at least a 15% difference between
the Hall Voltage responses of the aluminum and the
default specimen. This revelation means that the
Combined DC system now contains the ability of
classifying all the three metal samples, as well as
aluminum thicknesses, where the Pure DC has lacked this
capability.

Note also that the steel specimen has a relative
permeability value of # = 6.3x107% (H/m) and o =
1.0298x107 (S/m) at a frequency of 260 Hz. The size of
the depth is calculated from Eq.(3) to be 0.137 mm, so
that for the output voltage of Hall Effect sensor of the
thickness 1 mm, 2 mm and 3 mm there is no difference.
Nonetheless the calculated depth of measurable magnetic
field for stainless steel from Eq.(3) was 0.84 mm, while
the calculated measurable depth of the magnetic field for
aluminum was 5 mm. Furthermore, in Fig.12 the
aluminum line shows a linearly decreasing trend as the
thickness of the aluminum specimen increases. This
result shows that the graph is inversely proportional to
one another. This inverse slope in the aluminum line also

1009
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serves to confirm the fact that the Combined DC system
has the capability of classifying the aluminum thickness.

The overall error of Pure DC measurement system is
+0.0697% and Combined DC is + 0.5853%

Steel
5.0+
o

454 4.6729 4.6735 4.6835
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2 3.5
3
£30
A Reference value
£ 25
& 2.1677 1 2166 2.1623
= ¥ ¥ " Aluminum
= 18682 o

15 S 1.5995

1.0 : T T T T

10 15 20 25 3.0
Thickness (mm)

Fig.12 The output voltage of Hall Effect sensor when
measured each material, by using excitation with
Combined DC.

Table | summarizes the advantages and disadvantages
of DC power supply (Pure DC) to the coil and the DC
power supply to the coil through Class-A amplifier
circuit (Combined DC).

Table 1 Advantages and disadvantages of usage by
excitation with Pure DC and Combined DC.

Pure DC  Combined DC
Tegp er?mre.(’f Good Poor
solenoid coil
Classxﬁcafmn of Poor Good
materials
Measurement the
depth of the Poor Good
material
The com;.)lex.lty of Good Good
the circuit
The cost Good Good

6. CONCLUSION

This paper has presented a Hall-Effect sensor based
non-destructive  testing  methodology  for  the
classification of metal materials. Specifically, two
measurement systems are used. One involves the use of
a Pure DC voltage as the excitation voltage of the
electromagnetic field of the Hall Effect sensor system,
the other involves the use of a combination between a DC
voltage and an AC voltage as the excitation voltage to the
electromagnetic field of the Hall Effect sensor system.
Current test was first conducted to determine a suitable
current level for applying the voltages. This current level
was experimentally determined to be 0.8 A. Results show



that the application of the Pure DC system to the solenoid
is incapable of classifying stainless steel and aluminum
due to resolution inadequacy. However, when the
Combined DC system is used, metal materials including
normal steel, aluminum and stainless steel are adequately
identified. In addition, considering the application, the
output voltage of the Hall Effect sensor when using
excitation Combined DC suitable for using classification
of material including the frequency used in this research
can separate the thickness of the aluminum.
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