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ABSTRACT

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
the output voltage from the Hall Effect sensor on three types of materials, namely
Steel, Aluminum and Stainless steel, whose results are interpreted in the frequency
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
thickness. The Pure DC excitation was shown to be incapable of separating the
responses between aluminum and stainless steel. Frequency domain responses were
also computed in MATLAB to ensure reliability and to allow accurate result comparison
between the actual measurements and the one from the oscilloscope. Frequency
domain results showed that the Combined DC was capable of separating the materials
from one another, as well as classifying the aluminum thickness. The Pure DC
excitation, however, could only separate the steel and stainless steel, but gave no
significant differences between aluminum and the control case. Additionally, the
output in the form of the frequency domain is related to the output voltage of the
Hall Effect sensor. The percentages of total tolerances of the measuring system when
used the excitation induction coil with Pure DC and Combined DC are 0.0697% and
0.5853%, respectively. Moreover, the percentages tolerances of the frequency from
The MATLAB and the actual measurement when used Pure DC and Combined DC are
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2.2.2 MINAEBUALEANTUNINTY Liquid penetrant testing (LPT)
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2.2.6 N1sATIVABUAILIBNIZUALNAIU Eddy current testing (ECT)
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mMsiuetIRmIRsaULNY Yavesnszualih dwhudsiinariani (Dudadaulnonseiusn
Amduvesanuwivén wazmsidenviinianuosunuiinnly fevanuravsiinaeiidni
Fusruwimaniisnaiu dwalildanuduresauwiviniisnstudeguiu

L

AR ———

i
1|~

o ' d - 6 a a ¢
EU“ 2.4 UanAUNULLAANYDIVAEIR lWUU']UqﬁuﬂT‘ﬁﬁuﬁ 319)
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MNGUR 2.4 uamsaumwiminvedleduses Inefiuinuaafnanveuny wwiiviina
aumwivangeiian wazaumwiminazanasznueimiwaneinasivinuaegn
vosuny  Tesaunuusivdnvesnmanieniwiislvduessiuiooninegsaiianenassis
uwnu annsnesueldanaunsi 2.3

!
=[1NI x+5 ; X—E

57 (2.3)
J(x+ %)2 +R? \/(x—é)2 +R?

B

fio AMUNARILLIWEN (T)

Ao AT uLianTeLnuTARIAWTE R (H/m)
D 9IUIUTBULBINTNULAAIA (Turns)

fio nszualwihiideuliunvaaramieni (A)

Ao AnuEMYRARINWEEI (M)

- - e B - -

= o e d o
A ALYDIIAaIAMTEIUY (M)
x A9 suvdsesaunuuiivanindy (m)

- o 1 d a0 a o
Tuvugiaunsn 2.4 wag 2.5 WARELUWIMANTILHBBNUUSIINRANINANTB LAY
VAN AUDLA LASTIUSIUUABYDILNY ATUAIAU

B = #ONI =

(2.49)

onl 1o n =¥

1
B= Eyum' (2.5)

msidenli¥aninhuviniuunuveswamamisnh  sududesdnnandanudusu
wimanvesian Amarudueuwivinuesian Ao Auannsalumsimdeniaumusivgn
voe¥ag Wisuailounudmmunhinihlutewanssualiih uazuanseonuludadauves
mswilpnhauuuwivan B viodund ammumuuurdndusingn fedrsaunaivdntu
Mweslan H uay u fie An1smavausswoswimindefanuiinmeg vie Wuriiivsuents
auannsalunspaduaunwininuesian fuanduaunisi 2.6

(2.6)

T

ﬂ:

lawArpdueuiimanasiiuegivavosauuuivan - waranuduwivdnvesian
s U 1 s d
dmiuAanudneuusiivan dauansluaunisi 2.7
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d - I = 1 q! ! 1] S -
o p, Ao mduguwimdnveseme adldviiu azrx107 (H/m)
p, Ao AdudsednsTueuwivanuosian

- | w o £ = v ' ) a
A1979N 2.2 mauﬂszawﬁmﬂmumuhmqLLumﬁn’uanaqwmmq'] (1]

ian AduUsyavBaieUlisingn
Tanlanenauiiniia 600 1.05
wannanliaty vieawuiaa wes 304 1
Innidly 1
NOUNADY / USOUD 1
avgiiitluy 1
widnuay Tududity 30
WanAISUBY 200
wannailiaiin viseawuiaa wes 410 360
WANUHY 2000
WANNANANG 9000
waslsn 10000

winfanladiFdulssavstusnuwivanvesiagunnni 1 Yantlavgnisundt iaslsuun
- e = e LA v o a 4 = s
wiin (Ferromagnetic) lusuAdeillavihnsidenlddagmlumeslsuunufndmiunisasa
' a « - o 8 w ' a1 e
awuudmaniwihanueaialeduoss a5 2.2 vidlvinsuineslsyisiendusny
' | ' ° 1) - 6 6 8 vV a o '
meﬁana wingunn sl duwnumilendyh didsanudvauuwdwanininly
a - v " as
Uimquqmawunu
4 - n‘l’d 1 d v v o =4 1 -
iosnlumiddeiiinsusegnaldvaaiafinsedusslwinssuaady  Feeznaniia
wasiinszuaaduneduay Tnevlulesininssuaaduazusenauludie fdunu (R)
) o o w & ' | e - w W @ - o o & v
ArUeIUn (L) uasmmuﬂiai] (C) WAAZNAINUNEY AIRTUNIU LALFHINTEIUT MNEIVDS
AUUATY UYL
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©
©

WV 099 AAN——h;r
Z=R Z=X,=oL=2x/L Z- (TR

0=0° 4 9=90°

R R R
(n) (2) (A)

Ui 25 2eeslwihnszuaaduuasBuiiuaud
() Wlormmsunuissiien
(@) Woruiumideniiseiadien
®) dlokutssmidsniasidunu

ﬁj 4 -l v v s ] v = =l Rl
NNgUR 25 (n) welimmunlunesivihnssuaaduifissiaie slinuaudine
Sitanszuaiivawmiioulunesiiinssuanse Tnduiuaus (Z) szwhdumdumu fe
o =l A ar al
Z =R wawasleezunsuvaanszudluin wazuswiulwihesiiivadinseiu luguil 2.5 (@)
ar P L] a i L | 4 i o L A o
wansaviisnihnwsiihnssuaaduiissiie dedneliinszuaaduliiusivieni
a o 3 o - o of ' " w a o & a
swifinduiiunudvasiivienidu (3andi Inductive reactance (X, ) Mwidenihiiagiing
munszualifiiduiiisaiuiaiiuniy wasduiiuaudeeaiasii fe Z=X, =oL=27/L

ar a 1] o d
Tmamawaﬂﬂazu.n'smjENnixu.a'lwﬁ'lwﬁmaummu‘lﬂﬁﬂag 90" wazluguin 2.5 (A) uany
v daov v ) - ° = o
'mﬂwﬂﬁn'szLLaaawummmm‘uuazmmumu’mq’lmaﬂ'ﬂ.ﬂmnu

2.5 NWfvas Hall Effect sensor [16, 18]

2.5.1 Usingnisalves Hall
- v a P [ ' o o
anunsnesuelanngui 2.6 lnadletounszualnfudrluluwsiulanginiy vwie
1 1 - 1 J o s
Hall Element luvazitlidflavmuivdn  Wanszualwihlvaluwiulane  ievinsse
s [ nl ] 5 s 1 a0 [ (4 o d o I
ussiulwihanaseniukulanedy  wswiulwihanasoufidndugud  Tuvaeiideinisdne
v i 1 s L] dﬂ 1] = I‘: @) 1
nszualiiunusulavednd  Adauuwivanlufianainfunseualniiiilvaluusulany
d o s a 1 1] s o = s 1 ‘:’ Lr J
Wevnnsinuswulnianaseuwtulangiiii ausswulniinnaseudy fauanslugun 2.6
(4 - -: :d 1 «
Usngmsninaduiisonan Ysingnisal Hall Effect



4 = «
JUN 2.6 uaminsiinusingnsad Hall

s 1 d - 1 a ° : 1
Ingussrulwihanaseuiiinuuuiulanedniill 13undn Hall voltage (¥,)
- -4 d = - A 1) ar o J o J
Wntudlefivsyydidnaseu (e) indeuiluwilansininilovhnmsienssualiih (1) lu
- dﬂ 1 ﬂl =l e 5 s 1 a o A =l
Uihaiiiaunuliwangeifisfsanniuusulangdni (B,) #iianuvun (d) uaziinay
' | 4 & @ - " e £
WUUYRUTEIARRUN (n) dauansluaunisi 2.8 uay 2.9 Tas R, WuAdudszandves
= s s ' |
Hall Effect sensor @wuImuey Hall voltage UUTHUlAEASINUIUIAVDIAUIULLMENT
e ; L3 4&‘ = ol L] v < s ] s
Wntu MnUsIngmsal Hall Effect U slagiinanasranissinauuusiivgn uazwamnun
d o L%
\u Hall Effect sensor Minanuszynaldluiiogiu

IB |
=k 28)
ned
R, IB
~= Sl
vy =L (2.9)

2.5.2 Hall Effect sensor
val o oo & 0
gunsainsvidentdluswideil Ae Hall Effect sensor A1301 [19] iilugunsal
vl o @ e a4 v @ o & v
AvvgiimndiusiuAvesauuwimaniisuuasly annsnUszgnaldanunis
asavdalavannvans wu NMImssdeUiumLl sEaEN1e MG wissuNsAsIvERUUTaR
) & <da v O 1A o w o v S o
langsne Hall Effect sensor \uiduy warlfnuswsofnaudslagiu Wewn AUNUAT &
UsgdnSnmnisviianugs numuseanmuindensineg wu du U uavnsduaziiiou
v 9 1y < v ) -
Hall Effect sensor lasumsuiuugelvimngan ielulaussiulnihiendwnds
as 1 s ) -J A
Wudadlaensesivauuwiminiidsuudadly NFUA 2.7 uamnunn uazdiudsznau
- & o . & @ a < - |
493 Hall Effect sensor lneiiviovua 3 1 979 1 fie ussdulwihdunefidnel Fanasegludae
= o - a I3 C
4.5-6.0 V4111 2 fiB 9516 wazw1il 3 Ae ussiulnrediwe v3e Hall voltage Tneluvae
i 1 1o @ L3 o <
laiflaunwimdnsguiiaugeus Hall Effect sensor awdlussduluinerdnmpIng 50% vea
w ) v - Y < & <
uwssiulwiwlewdnly wisGenussdulwiiowinaiddn Offset voltage @1 Hall Effect
J ° = 1 ]
sensor A1301 Miuunldiimwhlunisrevaueseruduvesauuuivn fe 2.5 mv/G
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PMT;—' 1.5220.05 m——f‘——-l

F . ﬁﬁ'

~
>
/
\

| 3.0240.08 mm

ATITL :
o,?9m-' <4
4 U9 U i

- ;
JUN 2.7 uamdnuin uavaiulsenouves Hall Effect sensor

Faimvesauuulmdniinaiu Hall voltage Tnemnihiald (-B) dnlnddumii
84 Hall Effect sensor A1w83 Hall voltage aviieniindu Tuvasit devhdamile (+B) h
18 Hall voltage arilrramandudndiuiu (oswin Hall voltage TUdsunvasluil
Anudiusiveudivessnuivgn  wasiirvesauuuivmin  Tnedaduiannsassy
Wudrmnuhlunisrevausswesauuudmdn fauansluaunisi 2.10

Vi) ~VH(+B)

Sens = (2.10)
2B
dlo  Sens fin Arrullumsnevausvesauuuaiman (mv/T)
Vi Vieeen, A8 Wsssitlviiniensinnva Hall Effect sensor 4716
(-B) wardawmile (+B) muddu (V)
B AD AMLTNALINWLIWEN (T)

2.6 2993M5VYWRYEYIR [20]

maveedygudududeddygunsal vieresdidnnselindiivioduvunavieidves
dyeyas Mvenedyguriudygrunniudiigeiviennunasiiliadygumieg uay
Ty ranfivualngnindygyiodu Falasunfudresdudygaduneiifiowadn uay
fosmsitaziusravinmitedldnuiugunsaidug
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al at o at d
2.6.1 2vasvensussauliuvunduimadmiunsasaungs
aw A v ) o - =

Tumiddpiiiinslhsasnsusiuliihuuundunaiensesmnudgs 1oy

U @ s a o oar & L =

sveensuiniuuundua  Wunsveedyarasunaliladygyraeiwanduimad

o = 4 ' ad o o o @ e l a4

180" uaiiminsesmnudfianaunndmualiiullle  wardnanudnainiiaudi

paansialy hlalaemaiiudufudssadnivlnnssersussiuliibuuundura daeans
lusun 2.8

Rz
AN
¢ R4
Vv o AN -
oo Vour
+

[
=

“ s al Q ar
JUN 2.8 wanvnasvesusulnihuuunduia dwsunsesanuias
1 v ad o dae
lngau1sanamladn anudnmvue fe AnuddaNIY (Cut off frequency)
o AU 1 ¥ d
ausoAnuAMUDdarIuliINauN1SA 2.11

B o Tng wc=I

Je=2z 27R,C R,C

(2.11)

< - de a v
We  f. A9 ANUDAAKIULTLEY (H2)
& do o
o, AD ANUDAALTIYN (rad/s)
R, i fawunu (Q)

C fa suiudsey (F)

2.6.2 2995v818vUaRaELD (Class A amplifier circuit)
lumsvenedyrasvgnuusesnilupaiasieg aunislday wasuseansnm
laun 1. 299sveneaandle (Class A amplifier circuit) 2. 2935veneeaad (Class B amplifier
circuit) 3. 293sv81eAaaed (Class AB amplifier circuit) 4. 29a3v8nEAaad (Class C
amplifier circuit) Wag 5. 2W93VE18AER (Class D amplifier circuit) Faaznanafeeasns
seednygiildlumiddeiifenesiien fie Class-A amplifier circuit
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Vec

—! } K|\: Power transistor

gﬂﬁ 2.9 uanNTuenedyIn Class-A amplifier 8819978

9N3UR 2.9 uans Class-A amplifier circuit athadne Usznauludae Inifn
nazuanss Ifhnssuaady dadiumiu fufiudsyy wasnsudames Tavamnsausuugald
puAwNEaNveIn1sliny wesvenenanailiisnsnsveefineutneh feiussansam
nMsveneUsranm 25-50% Yervesranall fe dugraildbifirufiaioy Tneduduges
vanidsanmsteudynndunaiigaauiuly Lﬁ'a'[,ﬁﬁ'ty,ty'lmLmﬁwthLﬁmmmﬁmﬁyﬂuﬁu Wl
ﬂt’faLﬁaﬂuaqﬂawafﬁan13uﬁﬂﬂawu%’auqq deswniinsvudlvalursesmaonnan  udferlidl
dyaradunadoudiluinim

2.7 Tangniiléluswided [17]

lunAdvilldidonl#¥aniluansraty 3 win Ao win awmuaa viewmdnndlfatuuay
ovgiilon defania 3 vledldgnienthumeasy Wesnnidutanfigninunldamumnlunu
gramnssn  waglumsSladalavy  TooludetdosndnfiquantivesTaqusiazailons

3
as

dqlal

2.4 asgﬁl.ﬁﬂu (Aluminum)
= o o wm a1 P i - 1
flunumddgmenugaamnssy  dauaudiimhaula fie liiuaisie 1
1 Y = - ] -1 - - 1 ° i Val lo" Y
nelwAausemeln Tadiluwdwdn Tadun Januvuiuduan dealviyivinug awases
ihlUldanulevainvats @aunseda nds wazwasuuulads nuyusenisiinatuLaznishe
nieu dpmuaudilunistlwildidusted s1a1gn uimuudausein safanmsineelade
Jedinsiuansiuauuuseliiverglifon Wenmuuduss uneiunisldanuinniu ds
luruddeiidenly svgiiiden wes A5052 ausnnsgiu JIS
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2.7.2 wan (Steel)

= a ° & i ] = ° v &

Dulangigninunldegnaunsvany  wumnlalusssued  nsdildauagees
0 pLt e g = o 2 cw oA g & = 4 o =
wnagausmannounvzianliusslesiiudusialy wdndulansduaviedng e
fipauiAuimdngafn Funaniinnudmununsigs nunm Snnadahlniuazainuiou
Ve A v 1 v o c’f’ 14 yﬂ) o 2 d o
leRdnmey annsavaeuanihunfuguinild venaniiduhanudsglavanvas iedmnly
TuAinusedniu videlulssnugramnssuld sadavdndvanunsauiuusaunmlalaenis
- 1 d 4!' = v 1 8/ ] 1
WANsI9Eee) WieluA NS mumiles Timnsausanisldou wu mdnnd mdnvde
Wuiu TuamAdvillaidenldindnudu tnsa $S400 AmumAsgILYes JIS G3101-1995

2.7.3 wannaliallu vieamuad (Stainless steel)

Tumadmnssumannalfaiuiosdnnldinu  Tesflauautinuniudonisia
nsou esnnivsinalasdlumanegosiaios 12% Fwzanunsotlesiunmsiinadauay
Jasunsianseulst uvdnndnliaduuteeondu 4 v ldud Martensitic, Fenitic,
Precipitation- hardening uag Austenitic ‘[umuﬁﬁaﬁﬁ}sﬂa’ﬂﬁﬂﬁm‘ﬁﬁm Martensitic wim”u
iosnlunuiseiliidenld mdnndl3atu vin Martensitic AISI 410 FanEnanaanasgiu
ASTM Standard ¥®4 Stainless Steel Wipuwirfiuwmannanldatin 1CR13, S41000 (US AISI,
ASTM)

wénndlfatulin Martensitic [Wuwanndwauiifuiinumivounaegly
seiuUunansaufieseiugs uariismauqwaney Ae dnifia luaufty Tasdley uasuusniiia
Fammithnsaumadnendmnnsyudauds mineelauadfidu Martensite 1dine
uaznsyuudadunsiiveuudusdiunmdnndiatusiaidls mnhluldeuasdentd
Thmnvautusianuiug  Wesmnmdnnd Satueiinidfimusunudenisiinaiuuay
mnuudaussluseiuiunans  Tessianusunumsianseutiesniivinndnldadusin
Austenitic way Ferritic wilazilannuudaussuazmuniuannnd waslnuandiudwdngnie
wilumsldausnuimnssuily wu adnindes whin vy Judiuseqenid gniy
wan gunsaledesinsdmiunisnaniaiesdn edosiiounnd uazgnamnssuetns \udu

[ 4
2.8 nMsulasyises [21-24]
¢ o o a v o
nsudasyises Lﬂumsu,ﬂmmymu'mmmuaQ’Iugﬂ‘naﬂmuuL'nm'l,wag"lugwaaamutym
A A : Aﬂl - s A = «
AudvIalamuAud delamuanudienldlunsieseidyn i Weswnaunselines

o

& ! d ﬂll = 1 al -
dyralahenitlawunat Tawuaud InemnluEenit awnndu (Spectrum) MTRATIEN

@
as

o a a & = - 0w a €
dyguanesuldounsuyiies  wazmsudasiiFes  Fuduiugiuddnlunisimsed

ar

AYYIUNIIAINTTY

2.8.1 nawdaussiulniiieglusulawuiaan
a & o < a o ¢
myiwmmgidygaluglvedawuaid  Guainnmsudaussiuliiieiie
a4 o v oW v - — | -
194 Hall Effect sensor Lilevinmnaaeuiviagiveglugurduamasy (awunal) luauide
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flsdenld Voltage to frequency converter Aa AD654 [25] a'lu'rmuamﬂmuﬁgﬂﬂﬁu
Avdsuldnnaumsi 2.12

Vi (2.12)

Jou = To) = (R, + R)=C,

W 5, Ao enudewing (H2)
v,  f9 Hall voltage (V)

R, R, #® ssnumuluiess (Q)
c, feduiulsey (F)

MU 2.10 wamdlamunavesussiuliiewinman Hall Effect sensor
YA 5V A2A 5 kHz 71 Time division 500 us 918 LLau‘wﬁgﬂ 5 Vp-p

Time-Domain
5V,5KHz Example

F"ﬁ['r'"'"'-rﬂrr*r”r-r-r-“(

w

~N

-
T
I

Amplitude (V)

9
T

N,J,-JANJ“JA.-J—Iy“HJNJ
Time/Div(500us)

Il

:
w

- = =
Ui 2.10 uanslawunanguedudndsy
ar o
2.8.2 nmswlasdygalugulamuaailveglugulawuaud
TumsU i dygruninnsia aghiannsadeuluguvesiteiduln wasdisusi
J s iﬂv o . ar =l J
Wugn Sedygradandudduresiey Tnouny x(n) war n=0,1,2,..,N—1 3oni

3
as

Fyandlaisieriles (Discrete signal) anansald DFT (Discrete Fourier transform) dusu
U'ixmmanJﬂm%’;ummﬁﬁ'zymwﬁlﬁmnm‘s’;’m‘lugﬂwaaﬁ'\ﬁwméﬁl,am wililasaInmsAuIN
se DFT azldnarunulunisiuan 34ld FFT (Fast Fourier transform) lunisudleilywmil
aunwwﬁas‘lﬂﬁmﬁm w38 The discrete Fourier series (DFT) wansluasunis# 2.13

N-1 —j2x

nk
X(k)=) x(me ¥ | k=012,.,N-1 (2.13)
n=0

'3
=3

‘d < U s - ] L A
We x(n) AB ﬂ']ﬂ&.l‘l.lix?lﬂﬁﬂﬁﬂﬂlmmuad
N A9 auna
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N-1 2T,
oy x(n) =%ZX(!{)€J v n=041,42,.. (2.14)
k=0

= o 4 2 - Al e - 2
llﬂ'l’lllﬂlluﬁj'l‘u 210 ft)o:F LTEAEIW  LAEAIUNTIIUBDUN 20) Yk,

k=0,1,2,...N-1 wiiilesrnnisdmnasae OFT MWhnawlunisdom 3d4 FFT (Fast
Fourier transform) Tun1sufluilgmil

W x(n) Dudrduaudedou wiodwuauduousis S N=2* 9a Tag
n=0,12,..,N-1 uslyi X(k) Ao DFT v84 & ﬁqﬂ 1oy k=0,1,2,..,.N-1

2x

N-1 A I |
X(k)=Yx(me ¥ =D x(m)Wy" (2.15)

2z
P I a - ) w L e . o
e W, =e ¥ fAps %l N w83 1 fiavian (a primitive N"-root of unity) ¥1A13

s

| a c | & v de o & ' a  w aa i &) el v
LLU\T’E-)u‘V!m x(n) EJE]ﬂL‘U‘Uﬂ@Gﬂ’Ju UUAD G]’J"dﬂﬂﬂx‘]LUuLmiﬁ] Larananiiavaniasdua %519]
X (k) Tval Ju

N/2-1 N/2-1
X(k)= 3, xQmyWy" + 3 x(2n+ " (2.16)
n=0 n=0
N/2-1 Ni2-1
= D x@m)(W)" + Y x@n+ )W )W) (2.17)
n=0 n=0

2n
= g L Sdm X
Weown Wy =e ¥2 =W, awld

N/i2-1 Ni2-1
X(k)= Y xQn)Wg, + Wy Y. xn+ )Wy, (2.18)
n=0 n=0

° - = a v a ' :
Wumsiuam (N /2) - point DFT lag W Fuduavdsdou 13unin Twiddle
5 q’l‘ [ b e [ i a w J [ [
factor Tutuneutiidunisulsin® n eenduaesdiu luvsiad k awisauvseaniduass
1 ) A | = a 1 -~ d L 4 o
druladuiedny lngludiuusn e £=0,12,...N/2-1 @sldaunisn 2.18 luniseuam
1 =J - d' 1 s (" n=‘|’ [} ﬂ.l’ AI ar % 1
wazdiuNansfe k=N/2,..,N-1 Faviiud® duliondu k+ N /2 e & Juimdludiu
WIn
[ = v
N X(k+N/2) lnouny k A28 k+N /2 luaunisin 2.18 ezl

N/2-1 N/2-1
X(k+N/2)= 3 x@mWg " + W™ 3 x@n+DHWiN>" (2.19)

n=0 n=0



N/2-1 N/2-1
= ) xCn) (W )W) + Wl > XQn+ D)Wy )Wy )
n=0 n=0

o iy -
WowN W2 =/ =1 uay W2 =g 2" VAIN Zooim — ] qela

Ni2-1 N/2-1

X(k+N/2)= Y x@n)(Wy,) Wy Y. xQn+ 1)y,

n=0 n=0

22

(2.20)

(2.21)

o d o ﬂ.
wazamNsauIaNNTTN 2.18 way 2.21 lUAuiueae FFT §3n15A1uaed FET 9ue N 0 fie

M3AMIN N - point DFT A28 FFT Wules

INFUN 2.11 uamslauiunuin 5 kHz Wevitnsuwdasninguuuulamunaniy

-l -
sUnuulaumaad TagldnsuvamiSesanlusunsu MATLAB

Frequency-Domain

" 5V,5KHz Example
’-.4 B "
<
@3t E
O
2
52} 4
€
<
il L
0 1 1 L L
0 5 10 15 20 25 30 35 40
Frequency (kHz)

< <
JU# 2.11 uamagulawuaud

29 &ajul

Tuuninanfamsmumumssunss mATefitiuAntesiumAded fadesnisld
Hall Effect sensor lunisldifiemsiainian mmudn mmmun Jusvessesuaninuuian
nMauanswapenulugUuuuredlamuaul saludmquiifeadessineg Wy maneaou
Taglivivane nsvualvaiu Hall Effect sensor aunwiwvdninimideni 299snisvens
Fyaaiidennld msuwaddaumnanulaumaudsensld FFT Wulusunsy MATLAB

Wudu
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N159DNLUVIZUY LaZNITATUIIY

MFAdemsifiuszdnsainues Hall Effect sensor lngfiansannsneuausuoeian
Teveidunsdfinwanssuumsnszdueamamidenihiuandeiy 2 35 semsiassi
wssulniuaglaamanud dealiluuniindnis niseenuuusyuumsvedey msAuda
aunwimdniiilasnisnssiureaiamieni  Faudessuunmsnssuauaivinini
sonlu 2 3 A nsnsdumaawilenivhelwinszuanss (Pure DO) uaznsnsedu
°uﬂa'mmﬁmﬁwﬁ'ha'l,wﬂ'm's:sLLamqu,azlw'ﬂﬂﬂisuaaé’uiwﬁuawwmUﬁ’rgfmm (Combined
DO) WlewiinlsyAnSnmuas Hall Effect sensor lummegeuiuianlanedunsdfinw ms
wuzihgunsaildluaiveil ifm"l,tlmml,auanﬁm'n,um'ma'-w'!,uﬂ"mmaq Waeuns
VAFDU NSUSTINANA UagnIsuanua Baldiidanisilaevunsuiitessuistunounisianu
YBITTUUNITNAADULALUAAINALAYTIN

3.1 29esndaaunuuaimaninii wazaeasuuasasngy
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3UM 3.9 wana Arduino Mega 2560 Rev3

mngﬂﬁ 3.8 uwassaswlasAauwdmaninihlaedinisldausiudu  Hall
Effect sensor %amn‘gﬂwﬁﬂsznauﬁamwﬂwfg' 3 du Ao 'msnsmm'mﬁqa 1925818
wsiulnivesiniinszuaady  wazisasulasaussiumslwihnszuaaduduusesulnii
AsTUARSY MntueAnRargnasluga A/D Converter TumidSuiildidenld Arduino Mega
2560 Rev3 ﬁaLLamq’LugUﬁ 3.9 uaznvsudasussulwinduanud Fdumasedidenliled
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seadalaalay (Oscilloscope) fu RIGOL DS1052F lumsdudyguaudiieenunidu
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|

3.2 A1seRnuULYAAdIAWilEaLn
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312
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3.3.2 Fuanuiaglang Junsdlfinwluntmaseu
nMIveadeunsrevauasvasiaglanyluauiied ladenlddaglanyinh 3 viia
fio man ezgiiiey wavawmuaa Alvuiawiiy fie A 50 mm wazALE1I 50
v - oW oA @ <
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(m) almuaa

TneSanlansimimnlilunsaaeudunsdifnusiingran ansnsadugunse
laq wennilenngunseivasnansaildlunuidedls Fslidmasensia dleswn Hall
Effect sensor JaAnuiduvesauuusiminuinauiuivesianwiniy uidsiinalunisin
Toun prmunvesian Faduwasinaudnlunsmideniveanssualvaiu ANLNGAY
anlumsmilvniwesnszudluatu warszozvinesswing Hall Effect sensor fuanlavedi
dwwmedey  lasauiduresaunuiminizulsunduiussesvisasiagaasuuay  Hall
Effect sensor
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3.4 NNIPRNUUUTEUUNINAFRUIER ANy

TuemAdsilldgnosnuuulivhaunisldmmaaeuuuulivhatsdag (NOT) Tneldanu
$2uu Hall Effect sensor dmiuianiswdsuulasaranuduvosauiuuwdindnluii
Aaduainnsimieaivesunain a'uLﬁmn‘szLLa’meuwﬁuﬂ’maa‘?aﬁ]ﬁ’aﬁﬂ Ny
wsesruliinann Hall Effect sensor 9esuasve8dy s afinauwd ludiudedu
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Aol Lﬁul,ﬁa'aﬁ’u'l,uahu‘uaamﬁLﬂiﬁzﬁﬂﬂiwmaaﬂugﬂwm‘[mLuummﬁ Tngvirnisuyag
useaulniiaIn Hall Effect sensor Lﬂum’mﬁgﬂﬂﬁuﬁmﬁaumﬂ V/F Converter circuit wag
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JUN 3.16 wansszuunsinlagsa

3.5 ASANLTEUIIUIY
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Aesgsioenidu 3 dwu WA nsTieseiiudsiiendesiurnainmideni msuansa
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AnnegamaiianuisumenisButounseualwinliunuaainii 0.5 A, 1 A, 1.5 A uag 2 A
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Wusswznan 1 Hlussienszualitiinizdu 1 A1 nduldinsesingomall qu mid
as ar Ll 1 - ‘4 o L 5 s
LOGGER GL240 lumvinuaztuiindrgaumaiiveawnumiiendt Wudwau 3 a3 dwandly
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Jumsiesesinszualiinildlunisnsyduvamamioni Fsluvayi
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ﬁaLLam’Lugﬂﬁ 314 (p) lumsiarmauuwivdnlwihanunueaawidsnhifiaeinnis
nsgfuuuy Pure DC uay Combined DC @e3ufl 3.17 uamamsiaAauiuuwsiindnli
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Tunsanduanise lﬁaaﬂLLUUE}Un'mimwmaauﬁmamiugﬂﬁ 318 &
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- Q‘S v v - nl: A o 1 H‘
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Voltage to frequency converter wavthiemmidluguvealaumiaan (Time domain) g
Tusunsu MATLAB luilei®u Fast Fourier transform 3o FFT iieuuaspauiiluguuuy
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R2017b, 64-bit (win6d) Tunsuansraliegluguvedamuemnud uasluguil 3.26 uans
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Waguwadluls Tnsudanisimnsanesnidu 2 dau fe msfngumgiivesamamileii
1#msnsefunuy Pure DC uwa Combined DC laglunisvndeuvesiaasguuuy 1idne
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Tuvauedl 99nA1519 4.2 uanaesidudnuuananesewing Pure DC wag Combined
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nszualnihiisreliuniumanminis uay 3. ussiulwitiansinaein Hall Effect sensor @
thiauslasmsisuifisusanismaasinnmsnseiuinmamiening 2 sUsuy fe ms
nszfuLmaIAWlENi UL Pure DC warn1snsEdurAmInmilenhuuy Combined DC

4.2.1 wanaaasluguuuvaunulimaniui

|—a— Steel
== Stainless Steel
|~ Aluminum
21 —ap—Default
—
- i
211 21.005 21,1405 21.3735
= 2041
£
= 194
_T_g 4
= 184
2
g} 17
g 16 -
o 15+
=
144 13.6615 13.8265 13.7465
134 13 ; 3319
13.3425 13319 13333
12 . - p— 8 e e
1.0 15 2.0 25 3.0

Thickness (mm)

< ' < 9 v
JUN 4.2 uansaunuuwimdniniudialdnisnszduuuy Pure DC

1 Y ' =l
wansvaasslugiuvurasauuimininiwisinnisiaauruivaninii
- @ L = 8 - o L <l L]
Uil Hall Effect sensor 1ﬂgnmmmag LIBNINIINIEAUVAAIAUULIUILUY Pure
v o - @ w1 < va 1
DC awnsauansladiaguin 4.2 anuanmaassazdunaldinwinauisanavausalddnia
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s - dl al | s J 1 o = 1
Tanuiedu luvugnawuiaa svgilon uarlunsinvuenlifian In1snevaussionis
nageulalnaiAuaiy Jeliaunsouennanisnevaustoananiuldesedaau

|—a— Steel
22 4 Stainless Steel
; = Aluminum
214 —wp— Default
o~ 20 - B o @
= 20.0045 20.006 20.0075
E 194
3
i 18 4
~T
S 174
=
%"16-
047
£15] 147135 g 13.0065
m,,|  — s 14.8325
14 1 14336 14.624
13 -
12 T . T ¥ T ¥ T w T
1.0 15 20 25 30
Thickness (mm)

< ' o aw v .
JU# 4.3 wansaunuudmaniniidsldnisnseAuuuy Combined DC

MG 43 wamsmanmsveresauwiwEnli  deldnmsnseduuuy

Combined DC loeanlanzaiiamin aunsonouaussenmsvaaeulfotnadoiou usine

zgliflon awuea wazdlovhnmsinvueitlifivan liaunsousnuanisaevausseananiu
1 Wuidaiunanisnaassvesauuimnlniulelénsnazdunuy Pure DC

4.2.2 wamaaasluguuuunszudlnia

nszualwihiuandluwanmaaestl  wnsnnsualiiiiseldvnanmidoni
dmiuldnsvduenarnlunsadiaunuuimanii fenmsiesssinszualnihiisasliud
wnmawdynhifmuduiusivussiuliiiednean Hall Effect sensor (fasainnis
uanssansaaawnszudliiesnan Weldnsnseduuuy Pure DC nszualniriluans
sonuluTanusiaveiln diilndifssiuneuliasnsausneensinfuldetredaeu saily
fvbiannsouansvenubugunsmiidaweuld wvihnsuanmanmeassdunszualih
wiazAn uarluusazaumunvesianudaseiin duandunised 4.3
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J P -] v ]
A1 4.3 nszudlwihveseaiamienilumsnsyiuauusimaniwiiuuy Pure DC

nszualnihnanelvunvaain (A)

AUVUYRIAR AN awmuad avgiilioy vourlaifi Tan
(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

= - ° - g v
NN 4.4 uanwmamsnaaeanszualwihvesvaainmieni dsldnsnsedu
WU Combined DC 91nns Tudumumnvesiaguaassiiaiirilndifesiu luvmeitly
Y I 3 I; ar & a =

mMun1snevaustvesanuieldnsnszduluy Combined DC Jagysauviiafinsnavauss
id winnuansnevaussvesamuaa svdunaldindiiindlAssiuiunanismevausives

ay 1aw o ' Vo ow & ° = Y . 1 )
nszudlvifinluvneiilifiag dernildlivandniumnt mahadisuivanailvgavdema

s < 1l ' v MY 1 e

Wiaganuiaa uwazdiolifitan lianunsousnwanismevauaseenainiuldiegsdniay

| Steel
0.84 - —a— Stainless Steel
~—— Aluminum
0.82 - |=~—p— Default
0.801
0804 0.79505 0.797 —e
- 0.78 0.78095 0.7823
— 0784 o e
§ 0.7749 0.7755 0.77606
= 0.76 4
&)
0.74 4
0.72 4
0.70945 0.7095 0.7096
=
e
1.0 15 2.0 25 3.0
Thickness (mm)

o d g i
JUN 4.4 uansnszualvivhvesvaandleldnisnsefuuuy Combined DC

4.2.3 wan1imaaasluguuuunssiulnniedna
HamIva@eUNInBUALDIYesTa  laemsiorsandiusesulyiiedyeain
Hall Effect sensor dlevihmsiaduiagman svgfidion uazamuiaa Tasfinsiouiiouiy
Ausadiulviiewinman Hall Effect sensor Wlolifinismaaeuian



a1

g
o
)

=
in
1

a 4.0 4
Z
§ 3.54 Reference value
B 3.0216 \ 3.02 3.024 Aluminum
;i_,-] 3.0 \ » ./—
Z2s] 26852 26853 26853
2 - A -
2.1 255 223 2.23
=
” Stainless steel

1.5 4

lo T b T T i T L)

1.0 15 20 25 3.0
Thickness (mm)

Uit 4.5 uanauseiilwiiendineues Hall Effect sensor Taentsnsefuuuy Pure DC

MNgUil 45 uamsmamsnaaewausaiuliewnmidleldnisnsydunaan
wilsnhuuy Pure DC Tngranisneuaussaumdnuasanuad aunsauenaenaniils
otdmou  luvairdiuseiilwiiondignain  Hall Effect sensor vesesgiidion
usalwieimadlelifimsiadag  luyngammunllaunsousnranisnevaueieanan
mila

Steel
5.0 -
o 3 . )
454 46729 4.6735 4.6835
= Stainless steel
~— ‘0 -
Z | 36355 3.6219 3645
8is =
2
& 3.0
& Reference value
=254 \
§) 2.1677 2.166 2.1623
=204 i ~ Aluminum
> 1.8682 T P
1.5 . 1.5995
1.0 T T T T T T T T
10 15 20 25 3.0
Thickness (mm)

o @ L :
JUN 4.6 uanaussiuliiiedinmues Hall Effect sensor lawn1snszduuwuy Combined DC

= P v = ° 2 a
NNFUR 4.6 Wisltmsnsgduuaainmileniiuuy Combined DC wsesiulni
WA Hall Effect sensor annsauenviinvesiagisanusiineanainiuldegredaau
warluvusiferiunanismovauswesiagevgiidonlunivesmiumur  daunsousnesn
v ¥y & ] - = dd o ' v
nniuldiluednd  Suduwaunnaunist 2.2 Tesmnudidansuddlunssduvamn
= ° - o = Vet o o
wiligniuy Combined DC a@unsausnauvunvesergiiiideulatia 5 mm luvagiiman
= o w - i
wazalauaa@ N soueNmUMUTLALREY 0.137 mm uar 0.84 mm MmuEU 1awNIIne
= ' 9 ! a o W = a0 v v )
AmFNTUWiIManvesTaquaazeiinfiunnareiy sty wnldanuisay
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v vt | v < wd w v o < o
@wnsnai Eddy current ladnninmisldmnudgs dsiinanaanluiiden 2.3.2 Sesmnudn
- °
lunsintlenives Eddy current

4.3 msneuduvasTEqlasn1siatsaunluguveslamuaud
'luﬁ":ﬁaﬁﬁ'nauawamsmamm%'ﬂuLﬁﬂuizm"mmsnizﬁwﬂmﬂmﬁmﬁwLLUU Pure
DC uaz Combined DC Fwanwanismaasslugiveddamummd Tassnanmsudas
uswliitneinaves Hall Effect sensor Tagluguvediamuingt anduvihnsudama
nsmaaesiegluzuuuuveslaumina Wegluguveddamuad Taeldlusunsu MATLAB
NnMsUuusirvanseswaussiuliindueud Tduiuusmdlnofiussiuluia 5
V 92lfpnud 5 kHz Moueundgn 5 Ve i Time division infu 500 ps awsasuluiiinitin
16910 Hall Effect sensor annsmhluwSsuiiisuiunnudiignuuasesnunls Tnsluienans
toyavedlad AD654 Voltage to frequency [25] 'i.,uLUai‘l.-fmﬁmmﬁmwmmaqmnmﬁlm%q
duidelimuiluthdindranduditeond 19 mmmsnuﬂmﬂ“ Svuiiiuiuauiiign
wiasunle mm"mnmtamﬂ,u Oscilloscope wag AUATINNINNS AT MATLAB Tmﬂ
uamanaoenuumuATuAnistuvesTagudazeiin

4.3.1 MINTTAUTABIAUUY Pure DC
namsvaaaslugiuuuvedanumnuiidlevihnisintan 3 siafuandraiy Tay
luramsvaaesagyinsiiouiisuiusewinanisuananares  Oscilloscope  WAYHANTS

waapsInMIAInlagldlusunsy MATLAB

RIBOL sSTOP -bwﬂvd £ 0D 1.2e0 A Pure DC
i ‘ Steel 1mm

5 T

-
T

. S ]
B gl "\\_ f=3.0165 kHz .
FFT [ 188nUrme div 250810 /div Sa=500.0K5a = .
] o L e [ S Al a3 .
0 5 10 15 20 25 0 35 0
g 1Lzmj___t.£m_uz,i@m&.,mfkma P

1.880 Time 500.0us G+0 .0000s

(n) (V)

1J 4.7 u,amminl" SHUWIBUNANTSYNABIYBY Pure DC TuiﬂLLUUImuuﬂ'rmmmmammaﬂ
fiarumun 1 mm
(N wan1IMAae9aN Oscilloscope
(¥) WAINNITATUINAE MATLAB

mniﬂw 4.7 (n) AMUAURINANITNARDIRIN Oscilloscope #® 2.941 kHz usigy
i a7 () m'mmmmamswmaaemnmsmmmmu MATLAB A@ 3.0165 kHz 'lu'utu.,va
wsenulwwieIn Hall Effect sensor vnvn':m'nrﬂ"l.ﬂ Ao 3.02 V LUaiwumﬂ'a'luﬂa'mLﬂaau
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: o w < i <
seninausssiulnihann Hall Effect sensor fu AImAiaTn Oscilloscope wagmNURINAT
ANUIAIY MATLAB AB 2.615% wag 0.12% mua1su

RIGOL. STOP N prrr~immzaansnnd | F @ 1.200 Frequency-Domain
| g Steel 2mm

| E‘ i .
| 8t N\ f=3.0165 kHz !

TodnUrne a1 3 Saai: vato 53508 8k5a =3 i
E
B <4}
E o

l 4 0 5 10 15 20 25 30 35 40
Vet za Merennashionas ] PG (R0
[EFEE 1.06U Time 500.8us @+0.00008=
") (V)

= a @
31]1!1 4.8 LanINsWILUWIBURANISNAaBIY8a Pure DC 1‘1.13'1]LL‘UUIﬂL&JuFI’J"IﬂJﬂ‘U@Q']ﬁG}mﬁﬂ
=
VNAIUKUT 2 mm

(n) wanN15Aav991Nn Oscilloscope
(1) WAINNIIAUINGIY MATLAB

P P = ] '
NFUN 4.8 (N) ANUAYDINANTITNAABIIN Oscilloscope AB 3.125 kHz usigl
| i ° Y o
7 4.8 (¥) ANUDVBIHANITNAADIIINAITAIUIUNIE MATLAB Ao 3.0165 kHz Tuwvpuei
s A o L7 i A
useulnA1In Hall Effect sensor vnisiale e 3.023 V wWesidusmiuraisaiou

1 s s < e <
3eMI9us9IUlNIeIn Hall Effect sensor fiu A7MA1N Oscilloscope WagA3IUHIINNIT
ANME MATLAB Fi9 3.374% Waz 0.215% auasu

RIGOL STOP K b~ mmimmmnonnd | £ B 1.200 Frequency-Domain
T T ] . Pure DC
:3 { > Steel 3mm
—~4F E
"o "
1o Sl =l Sar f=3.0165 kHz 4
FET | 108mUrme-diu 2.5608KkH /div Sa=500 .0k5a 2
a2l
E
<,
0
It || \ ‘ 0 5 10 15 20 25 30 35 40
ubv"ﬁ]"u‘*ﬁuj »E.o-q‘_l_'.Jﬁéﬁﬂz_,' Aok A Frequency (kHz)
(MZ§E8 1.90U Time 500.8us @0.0000s
(") (@)

A d as
JUN 4.9 uaninsiUouiiisunanisvaaesves Pure DC lugUuuulamumiuivesiagvan
=
NAIUNUT 3 mm

(M) wan15nAapIIn Oscilloscope
(¥) WaINNISAIUIUSIE MATLAB
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mng‘dﬁ 4.9 (n) A UATBINANIINARBININ Oscilloscope @ 2.941 kHz Lwigﬂ
i 4.9 (@) mudremanIMARINMIIAINAIYE MATLAB Ao 3.0165 kHz luunwi
uwsadulwienn Hall Effect sensor fivinisiald fie 3.023 v wWeidudmuaainnaou
sewinussiuliihann Hall Effect sensor fu A1fi91n Oscilloscope wagAIMEINNTS
AU MATLAB fid 2.713% Wag 0.215% Auafiu

Frequency-Domain
Pure DC
Stainless 1mm

N f=2.231kHz ]

S
T

w
T

. e et PENTS T W PP S PTG TN
@8mUrms-div 2.5008kHz 7div Sa=588.0kSa

Amplitude (V)

-
T

o
[1]

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

{
i
i

MIFER 1.68U Time 500.8us @»0.0006s

f |!
QTEEL‘;T‘!%JL%%J‘L&@R_E";}LHMHZ (S R,

gll"fl 4.10 UaRINMTUIBUIEUNANISNAAIY8Y Pure DC 'Lugﬂuuuimmumwﬁma
Fanaautaa inaumun 1 mm
(n) wan1IMAaee9n Oscilloscope
(1) WARINNITAIUIUGIE MATLAB

23U 4.10 (n), 4.11 (n) AwAvBIKANIIMIAGEIIIN Oscilloscope Houm
wiitu fle 2.174 kHz usiguil 4.10 (@), 4.11 (¥) ANUAYBIWANINIARBITINNSAIIAF Y
MATLAB Ao 2.231 kHz Tunaeiiussdulniain Hall Effect sensor fvinnsinld de 2.233
V weiiudmnunaaedousewinausswulniionn Hall Effect sensor fu Aaudann
Oscilloscope UA¥AILAINASAILINGIE MATLAB fiD 2.642% waz 0.089% ANEdU Ha

woad o - o
mMavnapsianinaulunanIsaaeIvesiauaanAIuMYY 1 mm uag 2 mm Failvunn
wiriuluyna e
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RIBOL STOP .p.w-.ymwvm., £F@ 1200 Frequency-Domain

[0 AEAEEEnleMRE N
» L.!LJLJLILJL.ILJL.JLJI_ILIU

:I_,_.._._.

'S

w

N
T

Amplitude (V)

FET] 1een%t'i-&éf div 2,500kH: ~div 5a=500.6k5a =

-
T

o

5 10 15 20 25 30 35 40
| Frequency (kHz)
5 WML.M._MMME&,@ Hepiid
MIFER 1.00U Time 560.0us &+0.0060=
(n) (.U)

Uit 4.11 uanamsilsuiiisunanisvieassyes Pure DC Tuguuuulnumenuives
Janamuiaa finrumun 2 mm
(M) wan1IMAae9aIn Oscilloscope
(W) WAINNIAUINGAIY MATLAB

luvaiziizud 4.12 () Amwiveakanismaaesain Oscilloscope Ao 2.174 kHz
Lwigﬂﬁ 4.12 () ANNDTBINANINARDINASAIUINAIE MATLAB D 2.231 kHz Tuwmned
usasulnieIn Hall Effect sensor vihmsiald Ao 2.231 v Wedidudmnuraainiou
sewiusesuliiian Hall Effect sensor fu Amdann Oscilloscope kagAMUENNTT
AN MATLAB fie 2.55% uag 0%

nleu. smp s oo | £ B 120 Frequency-Domain
LT % v i Pure DC
2 a8 ]‘ Stainless 3mm

5 T T T T T
i | & f=2.231 kHz

! i
[0 1
FFT). 18@0mUrms/div 2.500kH: ~div Sa=500.0kS5a !

_1 % -] 10 15 20 30 k-] 40
! ] Frequency (kHz)
.. S A ‘

[LHI- S GBU Tlm 509 Bus 0-’3 2000s

(n) )]

U 4.12 uamanmsiFsuiiivunanisneaesves Pure DC Tuguuuulawuenuiives
Fanawnuiaa fieamun 3 mm
(n) wan1IMAaBIN Oscilloscope
(v) WAINNTANNUIIY MATLAB
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RIGOL STOP WK (-~ ~smiiwocrned | £ @ 1,200 Frequency-Domain
1R [ } Pure DC
| ] Aluminum 1mm

T T T T T T

N f=2.6859 kHz

L LA Al ALA Adl Al
8 10 15 20 25

30 35 40

o

Amplitude (V)
N w -

=l

Frequency (kHz)

WiFEE 1.00U Time 500.8us @0 .0000=

(n) (V)

3Uil 4.13 wamansiSsuiiisunanismaaesvas Pure DC Tugunuulamuaauives
Janargiillen fimnumu 1 mm
(n) wan1IvAae991n Oscilloscope
(1) WAINMIAUIUAIY MATLAB

A J = = 1

NNFUN 4.13 (N) ANNOVDINANTIINAGBIN Oscilloscope AB 2.703 kHz ue

o ° v - o

U 4.13 (v) mmﬁ‘namamimaaqmﬂmsmmmmﬂ MATLAB #® 2.6859 kHz Tuvauz#
@ o 0 w MY oA ¢ < a

wsarUlWA197n Hall Effect sensor Miviinisiala fe 2.684 V Wosigudauaaiapfou

1 s e d . d
senInusnulniien Hall Effect sensor fu A1uAa1N Oscilloscope WagAIUNIINNTT
ALY MATLAB @8 0.707% way 0.071% auaisu

RIGOL STOF @ pv.-.xmmmyvd £0 1.2y Frequency-Domain

T 3

Pure DC

’ Aluminum 2mm

o

§ s
g ¥ o.l f=2.6859 kHz
g ¥ Rt
[FFT [ 10anurme-diy 2 500k /div Sa=500.0kba Ez-
F <4}
B
| 1] 5 10 15 20 25 30 35 40
! Frequency (kHz)
‘&ﬂ 1 i
bmettde, 2,800 Freaut= tomith o x
MEEEE 1.00U Time 500.8us §+0.0000s
(n) ()

o - - =

Tanevafifloy 1A1Mun 2 mm
(n) wWan15Maee9INn Oscilloscope
(%) Nﬂ‘ﬂ']ﬂﬂ'\'iﬁ'\uqmghﬂ MATLAB

< < : <
NFUN 4.14 () ANUDTVRNANIINARBIIIN Oscilloscope Uargun 4.14 (v)
o © a1 "o <
ANUAVBINANTVARBININATTAIUIUME MATLAB  dAnviniunansnaassinumu1ves
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- o= 4 s J o ar -
araliten 1 mm Tuvnenusasulnihann Hall Effect sensor s inle Ae 2.686 V uag

Y

al P - - \ | W W

fesidudmnuaaiandounuanasluseninwuseweulniinain  Hall Effect sensor fiu
4 5 a 0 v -

AUH3IN Oscilloscope warANDIINNITAUIUAIY MATLAB fio 0.633% way 0.0037%

AU
RIGOL SToF IMWTEWWM L£ 8 1.200 Frequency-Domain
| i " Aluminum 3mm
"
. [=2.6859 kHz

»
: 2

|

|
100mrms-div 2.500kH: ~div S53=500.0kSa J

1
|

Amplitude (V)

a9

5 10 15 20 F-] 0 » 40
Frequency (kHz)

.i 1 mlﬁ@%&w

MHINES 1,060 Time 580.0us ©+0.0000s

() @)

Ui 4.15 uanamsiUFoutiisusansmaaesves Pure DC TugUuuulamuenives
Sanergiiidon finnumun 3 mm
(N) wWan1sMAasdN Oscilloscope
(¥) WANMIAUIUAIY MATLAB

mngﬂi?i 4.15 (n) AWALEINANNIVIAGBIIIN Oscilloscope LLasguﬁ 4.15 (v)
ANUAYBINANINAGBININNISAIUINSIE MATLAB fifwifunansnaaesfiniamuives
ovgiliiloa 1 mm uaz 2 mm luvaziuswiulniie dinaen Hall Effect sensor vhmsin
16 Ao 2685 v leedwesifudmnurainndeuiuansslussuinsusssuluihan  Hall
Effect sensor iU AWHIN Oscilloscope WaLAUAINNITAIWIME MATLAB i
0.670% uaz 0.034% MUAPU
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RIGOL STOP @ (o scimm i £ @ 1,200 Frequency-Domain
| : . . L2
':' i ! Pure DC
: 2 Default 1mm
B '
Al f=2.6859 kHz i
1@BnUrms/div 2.500kNz /div Sa=500.0ksa 3
a2t |
N E
P <} 1
1 ] uo 5 10 15 20 25 30 35 40
et 2,800 preadez.tosint o n Frequency (kHz)
MiBER 1.88U Time 500.8us 0 .0000=
(n) (@)

UM 4.16 uanimsiUSeuifisunanisvnaeswes Pure DC lugtuuulnumad ielsifivag
Turauzsyihnsin finrumun 1 mm
(n) wansnAaeeRn Oscilloscope
(1) WARINMITAUINAIY MATLAB

RIGOL STOP @ por~rimos o~ £ 1.28Y Frequency-Domain
r 1 | Pure DC
i : ] y Default 2mm
i L P W
| [
E E :‘%3_ f=2.6859 kHz |
FET | TodnUrns div 2,500/ /div 53=500.0k5a | %2_ J
L E
-1 S
.‘ 0
| ‘ B 5 10 15 20 25 30 35 40
| Frequency (kHz)
g8 "Ji M 2.480)\ :Tﬁr;i@gf&;%!sﬁkmmﬁﬁﬁ-h_wﬁﬁ
EEER 1.00U Time 580.Bus @0.0000s
(n) ()

UM 4.17 uansnsiSouifisunanisvaaasues Pure DC luguuuulawmnnu elaiiifan
Tuaieviinisda firanamun 2 mm
(n) wanN1IAaB93N Oscilloscope
(1) WAINNIIATUIUGE MATLAB

< o 5 <
NNFUN 4.16 (n) uaw 4.17 (n) ANUAYBINANIITMARBIIN Oscilloscope JUT
< ° ar
4.16 (v) wag 4.17 (¥) ANUDVDINANITVIAABIIINNITAIUIMME MATLAB usesiulniiain
< o as 14 = ' & & -l ' e "
Hall Effect sensor Mvihmsiale saulufisrnlesigudnnumaiandousng Anaun
- I -l a =

desuiidviniunanisveassiianumuvesevgfillon 3 mm
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RIGOL STOP MR por~oniooozmnond | £ @ 1.20U Fraquency-Domain
' Pure DC
Default 3mm

N\ f=2.6859 kHz

Amplitude (V)
—

o<

5 10 15 20 F5 30 35 40
Frequency (kHz)

Time 508.8us B8 .0000s

) (v)

3U#l 4.18 uamsmswisuifisunanisvaaases Pure DC luguuuulamuanud elaifivag
Tuvaigyhnsin fieamun 3 mm
(n) wamsnAaesdn Oscilloscope
(@) WAINNTANUIGIE MATLAB

mnguﬁ' 4.18 (n) ANUATEIWANIINAABIIIN Oscilloscope gﬂﬁ 4.18 (v)
AMUATBIHANTITNAABINNNISAIIMAIE MATLAB wseiulwihan Hall Effect sensor #ivin
msinld  sulufsanesidudanurainndousing  Adinanandreduiidvinfiunans
naapsiinumnesergiiden 1 mm ndnie fAnufveswanisvaassain Oscilloscope
2.703 kHz ANUDYBINANITVARBIIINNTSAIUIANIE MATLAB {u 26859 kHz uay
w3l N Hall Effect sensor fiviinsials fe 2.684 v Tnswesidusamunanaiadou
sewinausaiulniinen Hall Effect sensor fu A21wdann Oscilloscope warAUDINNIg
AINNAIY MATLAB A 0.707% waz 0.071% muanau
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Steel 1mm

S‘ i "\ f=3.0165 KlIz

00 5 10 15 20 25 30 k-] 40
. Stainless 1mm

E‘- " f2231 Kz

2

g?

-

o
"]

10 15 20 5 30 ] 40

Aluminum 1mm

-~
T

f=2.6859 kIlz

Amplitude (V)

-
T

l‘ LA L " AuA Asl prey .
10 15 20

25
Default 1mm

-]
o
8
&
t3

w
4

-
T

f=2.6859 kllz

L
T

Ll
T

Amplitude (V)

a®
w

10 15 20 25 30 35 40
Frequency (kHz)

d d o 1 -
JUM 4.19 wanamaSsuiisulawuaudvesiaueaazaiin lusyuu Pure DC
<
AW 1 mm

U 419 uway 4.20 JumswSsuieulawumuiivesian  dauanis
WisuilsuidunrumuvesTanusiazyiin Taogui 4.19, 4.20 (n) ua 4.20 (1) fiRTwmn 1,
2 uay 3 mm MUAIRY @WITOLNEANIINDUALBITEY AN dnuiaa wavergiiiluueen
vnfuldiuednd uiluvaeivhmsialasusimnian wanisneuaussiiuansesnun i

a o v -t v ow o a » a
annsaueneenanexgililenlsl Ssmeandesfiunantiveasfifarsanlaelduseiuliih
L@1aWAUea Hall Effect sensor
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-

N [=3.0165 kliz

% s 0 " 2 ) ) [ © % s 0 [T ) = » ® ]
X Aluminum 2mm Aluminum 3mm
4 [=26859 kilz Sn 3 [=2.6859 kilz

-
Ampitude

al |\ f=2.6859 Kilz

L..l.a L‘LA Lk _3ls Aok o s A
L] 1w L]

& 10 i3 ] = 20 » &0 o L 20 F » » -0
Frequency (kHz) Frequency (kHz)

(n) (v)

o DY
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a = a ') ' P
JUN 4.20 uanamsiSeueulawuanuavesianuaazyiin Tuszuu Pure DC
ar i - 4
(N) ANUNUIVBATAAUARLIUAN 2 mm
ar ' - 4
() AuMUIvBNIAAUAaYYUAN 3 mm

4.3.2 MINTEAUVAAINUUY Combined DC
\Wumsuansranismeaestuguuvuvedlavuanuidevhmsiadan 3 viadl
wansniu (Wunsdifinwn Tnglunanmsveassagyihmsilisuiisuiusenininsuanssaves
Oscilloscope wazkan1snaaasannsAwInlaslflusunsy MATLAB wuieaiuluded
4.3.1 uidunsuanmwanismaasainanmslinsnsdusamamileniuuy  Combined
DC
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RIGOL STOF K p-roommommod || £ B 1,200 Frequency-Domain
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‘ DA B e, .!-H::F -.aﬁﬁé{-ﬁ%&&b:]‘:ﬂmﬁlhmhj
MIFES 1.66U Time 500.0us O+0.0800s qu@ﬂcy (kHZ)
(n) ()

UM 4.21 wanamsiUSeulisunansvaasues Combined DC Tuguuuulawmuaiuii
yosianman fimnumun 1 mm
(n) wan1snAaesan Oscilloscope
(v) WAINNITATUINAIEL MATLAB

RIGOL STOP @k ev_-m.a@vww; F @ 1.280

T v ] Frequency-Domain
T Combined DC
i Steel 2mm
i s ® 1
9 i CEL f=4.628 kHz
FFT  1elnUrms div 2.500kH: 7div 5a=500,0k53 2
az2r
E
<,|
o
0 5 10 15 20 25 30 s 40
o520 1 prestes saste A i b
Time 500.0us @0 .0000s
(n) (%)

guﬁ 4.22 uanInsUiBuligunan1snAaeeves Combined DC ’LugULLUUTm:Jummﬁ
yosianwdn iAaumu 2 mm
(N) wWan15vAaBIan Oscilloscope
(¥) WAINNIIAUINGIEY MATLAB

dleldszuunsnseduuuy Combined DC vhmsTatagumaniiaiamundau 1,
2 uway 3 mm wuhdnsuanamanisaasviniuluyne ﬁmam'tugﬂﬁ 4.21, 4.22 uay
4.23 Iﬂﬂgﬂﬁ 4.21 (n) , 4.22 (n) wae 4.23 (n) MWAYBINANNTMIARBIIN Oscilloscope
4.545 kHz Lwigﬂﬁ 4.21 (W) , 4.22 (W) wag 4.23 (V) AIUAVDINANITNABBIIINNTAIUIS
fhe MATLAB fie 4.628 kHz Tuvafiusssulniiein Hall Effect sensor fvinsiald Ao
4.670 V Wesdudanuaaiaadouseninaussiulnfiagn Hall Effect sensor U AmE9N
Oscilloscope WarAMUAIINNISAUILFIE MATLAB Ao 2.676% Lag 0.899% MudRu
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FFT 18@nlrms-div 2.580kHz ~div S23=500.0kSa N =
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|

Puemid '3, 52 .WL_M,SW,___JAW#L i
Plonaie 3.324 0 : SR

EIFEY 1.68V Time 500.0us @+0.0000s
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= =i al
UM 4.23 UaAINILUSHUIBUNANTYARDIY
) <
YorTanmin AAIMMU 3 mm
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Frequency-Domain
Combined DC
. Steel 3mm

N\ f=4.628 kHz ;
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T

w
T

N
T
i
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w

10 15 20 25 30 35 40
Frequency (kHz

(V)

84 Combined DC ‘Lugﬂuuuimmummﬁ

(n) wan15Aav99n Oscilloscope
() WAIINNITATUINAIEY MATLAB

RIGOL STOP @ prrrrnimemoannnd || £ B 1,20V
e . Seii e eannael B -
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i
! i I
HAAAAARARIAAAARAARA _
—~4F
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| o 3}
FFT @amUrms/div 2.580kHz 7div Sa=508.8kSa =
a?f
£
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I 1]
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| : ] Freque kHz
LT O RO on M I W P
INES 1.00U Time 500.0us ©+0.0000s
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< . <
JUN 4.24 uanansiUSuiiisuwaniiaaesas Combined DC luguuuulawuainud

Y <
VBPIARAAULAA NAUNUT 1 mm

(n) wan1IMeaBIIN Oscilloscope

(V) wWaMNITAIUUGIE MATLAB

NNFUA 4.24 (n) A wdveswanIsvIAaesa N Oscilloscope A 3.704 kHz usi
guﬁ 4.24 (9) AMUDVDINANITVNABIINAITAILIUAIY MATLAB fo 3.677 kHz luvgued

ast 4 o s
usenulnA91n Hall Effect sensor N3

v oa ¢ ¢ <
ﬂlﬂ AR 3.642 V LU'I’J?L%UW?‘I')"INﬁﬁWﬂLﬁﬁBU

' a ) = 5 <
F¥nIusnuliien Hall Effect sensor Auaafiann Oscilloscope uagMUNAINATT
AIUI0IAIE MATLAB @D 1.702% waz 0.961% Auaiu
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RIGOL STOF @ bro~~~immrmmmscnncd| | £ @ 1.20U Frequency-Domain
T 1 : Combined DC

Stainless 2mm

N B

o HUTUT IO OT IO O O
N f=3.677 kHz

-
T
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w
T

FFT . JoonUrms div 2.588kN: /div Sa=568.8ksa |

Amplitude (V)

T

o0
o

i i 10 15 20 25 30 35 40
0EML&\?%?m&EL%@éEH&LMLwﬁ.—J_ﬁ; Frequency (kHz)

1.80V Time 500.0us ©+0.0000s

() ()

gﬂﬁ 4.25 uAMINIUSBUITBUNANISVAABIYEY Combined DC 'Lugﬂuuuimmummﬁ
vosTanaauLad iraumun 2 mm
(n) wan13vAae991n Oscilloscope
() WAINNITAIUINAIE MATLAB

a o . = '

NFUN 4.25 (n) ANDVBINANTIINAABIAIN Oscilloscope AB 3.571 kHz W

a < ° v - P

UM 4.25 (1) AUDYDINANIINARDININATAUIUME MATLAB fim 3.677 kHz Tuwmed
) a o v My oA ¢ 5 dl

wsanulnihan Hall Effect sensor Minnsiala fe 3.641 V wWesidudanurainndou

U Qs [ < k. a
sENIUsUlNANRIn Hall Effect sensor fiuaunen Oscilloscope kagAMUNAIINNT
ALY MATLAB A9 1.923% way 0.988% mnuansiu

RiSOE sToP 1N bAoA || 1.20u Frequency-Domain
T v Combined DC
i 3 Stainless 3mm

5 2% £=3.677 kHz
FET ' e@nUrne div 2,500k 7div Sa=500.0koa §
S
} E 1k
i ﬂ P % 5 10 15 20 25 ) 35 40
g Urhi=2uay i Eresw=.7aakiz A A .| Frequency (kHz)
[MIFER 1.880 Time 500.Bus B+0.0080s
(n) (V)

JUil 4.26 uansnsiisuifisunansviaaesves Combined DC luguuuulasunaaid
vesTagamuaa namu 3 mm
(n) wan1sMARBI9IN Oscilloscope
(¥) WAIIMMTAUINEY MATLAB

P = 5 A '

INFUN 4.26 (N) ANUDUBNANTMARBIAIN Oscilloscope Pa 3.704 kHz um

o~ o o v =

JUN 4.26 (1) ANUDYRINANTNARBIINNTAWINGIY MATLAB 1u 3.677 kHz Tuvmued
) = e vy o ¢ i3 <

wseAulwien Hall Effect sensor Aivhnsinled fie 3.641 V Wedldudnnurainadou
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] w @ P < |
sEIUsUINi9In Hall Effect sensor fuanudain Oscilloscope UagMIUNNINANT
ATUIRIAIE MATLAB fiD 1.7302% Uay 0.9887% Aua1siu
RiGOL. SToP M ol F @ 1,200 Frequency-Domain

g ] Combined DC

! Aluminum 1mm
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o L I OO T ot t ]
| N f=1.859 kHz 1

[
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[
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-

FF{ 108nUrms-div 2.500kN: /div Sa=500.0ksa =

Amplitude (V)
~

-
T

I % 5 10 15 20 25 30 35 40
f ,‘\,u / 15 .:ssiﬁ:g askatz i Frequency (kHz)
M 1.000  Time 508.8us ©+3.0000s

(n) (@)

UM 4.27 uanansieuiiieusanisvinaesuas Combined DC TugUuuulaumpauid
vos¥agezgiition firmaumun 1 mm
(n) wan1IMAaeI9N Oscilloscope
(¥) WARNNTAUINAIY MATLAB

o a s '

9INFUN 4.27 () ANUDYDINANITNAGBIRN Oscilloscope Ap 1.852 kHz s

- o ° I - -l

gﬂ‘n 4.27 (9) ANUDVDINANIINAADIINANTAUINUAIE MATLAB Ao 1.859 kHz Tuwmuzh
W al o R ¢ o

usaulwieIn Hall Effect sensor #ivin1sinld Ao 1.866 V Wesidudmnurainpasy

' w ) < " o
s¥nIusRulniaIn Hall Effect sensor fumaunann Oscilloscope wagAMUNAINNIG
ATUIAIE MATLAB @B 0.750% way 0.375% suansu

RIGOL STOP @ o ~ioovgnrnd || £ B 1.200

:'T v i

{ 00 5 10 15 20 25 30 as 40
ez dlozo | rrobuettsmem, 4 .| FERGn O)
[CH 1z Time 500.8us O+0.0000s
(ﬂ) ('U)

U 4.28 wanainsiFeuifisunanisvaansuas Combined DC TusUuuulauuaud
vesanorgiiien AiAumu 2 mm
(N) wan1IMAae91n Oscilloscope
(v) WAINMIAUINAIY MATLAB
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mﬂgﬂﬁ 4.28 (n) ANUATBMANIVIARBIIN Oscilloscope A 1.75¢ kHz us
gﬂ'ﬁ 4.28 (1) ATMUATBMANIVIAGBIINNTSFIUIUAIE MATLAB Ao 1.735 kHz luvaueil
usasllniean Hall Effect sensor vhnisiald Ao 1.742 Vv wWedidudenumaandou
seniauseiulniiein Hall Effect sensor Auamufiain Oscilloscope uagANANATT
AW MATLAB A 0.688% uaz 0.402% Aua1NY

RIGOL STOP @ b~ rimmmoernnd | £ @ 1,200 Frequency-Domain
B e [ | Combined DC
‘_‘ : . Aluminum 3mm
91 9 0 155 o 50 9 N £ 08 0 [ [ 1 ' ' | I {

o
.quuuuuuuug,ﬂ.

L] 2 . §3L o f=1.6115kHz
F 1E|Brn|.'rru=- ‘div 2.508kH: 7div 53=500.0ksa L=
I &2t
£ E
E <
0
\ i [+] 5 10 15 20 25 30 -] 40
g Urbtis/2asvl Ehesbdi oz o Frequency (kHz)
MIEER 1.860 Time 500.0us G+0.0000s
(n) ()

31Jﬁ 4.29 wansnsiIeuidisunanisnaastves Combined DC Tuguuuulaumad
vovTanezgiitdon finnumn 3 mm
(M) wWanN15nAaB99N Oscilloscope
(¥) WaINMIIAIUIUNIEY MATLAB

93U 4.29 (n) M ufvesnANIIVIAABIIIN Oscilloscope Ae 1.613 kHz
guﬁ 4.29 (1) ANNATENANIINAGBININNMIAUINNIE MATLAB Ao 1.6115 kHz Tuwmeil
wseulnihann Hall Effect sensor Aivn1sinld Ao 1.596 V wWedlSudnuraaindou
seinaussulniiann Hall Effect sensor fumu@iain Oscilloscope warAImAaINAS
ANUIINE MATLAB Ao 1.0651% way 0.971% mudisiu
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R stor B T il F 1.200 Frequency-Domain
My Tk v Combined DC
i Default imm

. f=2.1487 kHz

w
-

w
T

FFT] 108mUrms-div 2.500kHz ~div 53=500.0ka

]
T
i

Amplitude (V)
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s O O OV VO PO PN Biee)
Ilni‘“l—a LAY ] Time S00.0us ©+0.0080s
) ()

3UM 430 uananswFouifisunanisvnaeswes Combined DC TugUuuulawmuad
dolifiianlurasiinisin fieamun 1 mm
(n) w#an1InAaBIRN Oscilloscope
(¥) WARINNIAUIUAIY MATLAB

mnguﬁ 4.30 (n) AWAYEIMANINAABIIN Oscilloscope Ao 2.174 kHz us
g'dﬁ 4.30 (v) ANUAYBIHANITVARBININMTAIUINGIY MATLAB Al 2.1487 kHz Tuvaiwil
usesulnien Hall Effect sensor ivhimsiald e 2.165 V wWefifudmunarnnaey
semiausaulniiann Hall Effect sensor fumudenn Oscilloscope UaEAMNARINNTT
AIUME MATLAB A8 0.415% uaz 0.753% muaau

RIS sToe R eneed | B 1,200 Frequency-Domain
i ‘ Combined DC
Default 2mm

5 T T T T T T r

b - 24 3
-1k _i Al N\ [=2.1487 kHz
FFT] 100nUrms/div 2.508kK: ~div Sa=500.0kbs "- g
. ?2- 1
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| Ve 'L-‘:z I8U. . wﬁlﬁﬂﬂlﬁﬂ&f&ﬂi‘@ﬂnﬂmw; Frequency (kHz)
“ Time 500.0us W+0.0000s

(n) (¥)
wn 4.31 wanIN1SUIBUTIBURNANTISNAAB VY Combined DC 'lustluuu‘[muummn
ma‘lumam‘luﬂmvmnﬁ"}ﬂ AU 2 mm
(n) wan1IMAaBIN Oscilloscope
() WANAITAIIUNIY MATLAB

<l - 1

1NNFUN 4.31 (n) ANAYBIHNANTNAREIN Oscilloscope fia 2.174 kHz um

UM 4.31 (1) AmudivearanIIvnResIINMISAILINAIY MATLAB Ao 2.1487 kHz luveil
usaiulviien Hall Effect sensor ivimsinle e 2.166 v Wefidudaueainndou
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gvhausasiulwiien Hall Effect sensor Aupm@iain Oscilloscope wazaamidanns
AIUIIE MATLAB fiB 0.369% uay 0.798% Aua1MU

RIGOL STOF WK b~ rrioiiovgonnned || £ @ 1,200 Frequency-Domain
48 v | Combined DC
o] ’ Default 3mm

-
T
A

N\ f=2.1487 kHz

|
!
100mUrms/div 2.500kN: /div Sa=500.0k5a

Amplitude (V)

-

ol bk b binn laa y PR
i ] [] 5 10 15 20 25 30 3B 40
L R N N VDT Fgano D

IBES 1.0 Time 500.Bus W0.0000s
(n) ()

UM 432 uamenswsuifisunanisvaaesues Combined DC luguuuulamupaid
diolifanluvagyiinsia fieramn 3 mm
(1) wan15nAae991n Oscilloscope
(@) WANNITAINNIY MATLAB

o & 2 '
INFUN 4.32 (1) ANUDVDINANTVIARBIIN Oscilloscope AB 2.174 kHz us
- o ° v o
gw 4.32 (9) AMUDYDINANITVIAGDININNITAIUIUNIY MATLAB Ao 2.1487 kHz Tuwmuen
a A o L v & d
wssulwian Hall Effect sensor Mivin1sinle Ao 2.164 V wWesidusmuaaisadou
J s o | - <
seninusulnvin Hall Effect sensor fuAMudan Oscilloscope WLagAUNIINNTG
ATUIAIE MATLAB fia 0.462% way 0.707% MIuaI6u
4 U v v \l: 4
NNEaMIMARBIInaINTII annmsldnisnszdueeaaiuy Pure DC
< d - d = -
waz Combined DC wieia1saunAuRYLan®enu191n Oscilloscope luifiouynuanis
o ¢ - ' al e )
neaes fwesidudimnueaiamasuuinnil 1% lusmefinnudannmseunsielusunsy
I J ] 5 1
MATLAB fiesidudaianupaimadoutiosnit 1% vavua nanfe  nislelusunsy
o 1 n‘ 1 ALIMH vV = s U - ar J -l
MATLAB TlunisAuraiuazuaniaianun anledaulnaldssdiuaiasedunisde dadiany
o oA | v 2
ueelunsuanawauinninsuansualasld Oscilloscope
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8 Steel 1mm

S" '\ f=4.628 11z

2 ‘
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2| ]
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-
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=, -
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o o FY Y ey Aa A
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Frequency (kHz)

& = o as ] - 3
3U# 4.33 uamnsidFsuiisulawuanuivesiasusazuiinluszuu Combined DC
<
NAIUNUT 1 mm

U 433 uar 434 WumsBeudeulamueruivesian  dwdims
Wisuisuduarumunvesiagudazuiln Tnugui 4.33, 4.34 (n) way 4.34 (1) Airumun 1,
2 uay 3 mm AWEWU EWTOUENHANITRBUALBITRY AN dmuiad exgiliden way
usadiulnihiewnaves Hall Effect sensor lovihmsinluvniedilifivagld sauludeanunse
uenwan1smevauedluuivesnumuvesesgiilioy  Fwesndesturanismaaesiiiersan
lngldusssiulniiardinmuas Hall Effect sensor



Steel 2mm

L] T .

st ™\ S=4.628 Kllz

s w0 135 2 F-]
Frequency (kHz)
(n)

Steel 3Imm

[=4628 Kz

20 Fo ] » 0
Frequency (kHz)

(V)

o o ) ' a =
JU# 4.34 wanamsiSsuiiulamuanuivasiaguaazeia Tussuu Combined DC

o | - A

(1) AUVUNTRIARUAAYYTAT 2 mm
a i o d

(¥) ANuUYeIdRUAazYiladl 3 mm
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< = < @ a = <
nngun 435 WumsSsuidieulauuenudvestanesgiiden  innuvun
"o ° v o a & - a
uwandneiu  Tnevimsveneanaliviudaningetu  Jeawnsauenmumuivesergiiilouls
] o : ¥ ar 4-‘ 2/ e
BENTAIN  Uazwansvaaesiidennnssnunannaasiiasaniagliusiuluiieiing

¥94 Hall Effect sensor sswiuLfeu
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Aluminum 1mm
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= < a < W
JUT 4.35 uamnsilSeuiiisulawuanuiveserglideufinaumunsnaiy
luszuu Combined DC

4.4 a3

'Luumi":nfmﬁmamsmaaumsmauauawaﬁaqLwiamﬁm FauanmansiFouiiioy
dlelinsnseduvamamioniuuy Pure DC uaz Combined DC Wamswnszualuiindi
wanzaudmiuvaaInmlei NaNIeUANDIYETTERlugULUUYR AU iImANmTEth
nszualihwesvaaamilonh uazusdiulniliewimaues Hall Effect sensor Snvuanana
MInevausvesiaginefvsalugivedlawunud JsdimsiToudisunansnovaesly
sUraalawLAIE9N Oscilloscope Wwax MATLAB



undl 5
A3UHANITNARDY LAZUDLAUDIUY

5.1 @j3unan1snnaey

NnWamMmAaeImsiiuUssavsnmlunisialifu  Hall Effect sensor ¢au38n1s
nszfuvmaamisniiunnmuierdaauwimniiin lunsageuiutanlavedy
nsdlinw TaedSusn 1§ Pure DC Tumsnszfuwaminwilenih waed®i 2 Aensld
Combined DC laglautsnsinsigvioandu 3 dau loaun

1. msfosamnszualwihfimnzalunslion dwmfunisnsefurnamnmideni
Weaseauuuimanlvih Iidenldnszualviioun 0.8 A dwiumsldnuvanis 2 szuu
nsnseduaanmieni Wewnemiufeuasanluwnunaiamieni s1vdwmanszuiy
Hall Effect sensor wagerwiiinauRanatalumsinsmsdudeinu laenszualwih
0.5 A - 1.0 A SUDSUARNLANGN TEWINADITYUUNSNAGBY DEYTENIN 2.338% -
4.504%

2. MInpuaupivelanlasfin1sanIndiwlsnneg - nan1svnasausaziuUslavi
mswWisuiisumsnszduramamieaniissnin Pure DC Wwag Combined DC duile
fansanluduresmuduaunuimanidouaduresemamisnd  waeldiaiasile
Faaunuuwimdnuuunuvessaaanluvugivinmsiadan Tasldnisnseduuuy Pure DC wa
mInaassnudtauIwivan  Taguminannsanovausseranisadeuldanirfanuia
U wiliaunsousnuezransvauasvesianduqeananiuliedsdanu Wudatusanis
naasudlelinisnseduramamileniuuy Combined DC lnefiesidudeuamandou
Tun1sinsuvesssu Pure DC way Combined DC 1Uu 0.475% waz 0.483% nwddu lu
duvesnsaualiihilglunisnssuuamamionir snranmeasmuinsualihildly
nsnsefuumaInmilsnidinswasuwadulusasiviinisintan  Teedeldnisnssduuuy
Pure DC wansmevausasiaqusazylinlifviings uiilelénsnszduwuy Combined
DC Fansaumiainanisnovavasldesisiaoy wianuaairilndifosiveluvasilil
an wariesidudmuaainindoulunsinsinvesszuu Pure DC uay Combined DC
Wy 0.382% waz 0.790% Awdwy WeRensuusafulniiewinman Hall Effect sensor
lngldnsnsgduuuu Pure DC Jaguman wavawuaa finsnevausrenvedaulsn way
annsausnranisnevausseanniuldedsdany  uiliawisousnezgiifionsanvinua
mseaeslurnziliiiian luvuzideldnisnszduuuy Combined DC Jamyianuwilniing
nsrevauaskeneenniuliegtnnu saluiaunseusnnanismevaussluldvosnas
wnvesergliflenld  Sullsunsinmadenldmuidlunsnszfuremamiloni
aeandesiunquimnudnvensuualvaiu Tasfiesidudmnuraimadeulunisinsiaes
38UV Pure DC uaz Combined DC A® 0.0697% ua¥ 0.5853% n1ud19iy
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s lJ - - A = e v
3, nsnevauaevianuiaziln  laeNasannlawuAIND Tuisuildviinis
° a 4 '
unauensuansaluguLuuredlarmuaud WAL SWILAINLANA N YDINANITNAABDY
1 A s Q‘:’ A
Ioeghediau  dadu  Judenldlusunsy  MATLAB  Tumsuanswaluguveslawmuainud
Po| - 1 o - ° = al v a
Wosnilauui@eie waranunsath lUiWIsuiieunan1svanasaInmsinese LagaInnig
1 - 1 ) d‘ - A
wanwase  Oscilloscope lABWUT  HANMIHBUAUBITDYTAAWBNTNNIALILAILD
) - L7 ] =l L7 v A o
anunsousnuanisnevaueieviinvesiaglailuegned dmsunsnseduuaainmilsniuuy
r - o (7] a a | - ) -
Combined DC vailUfsanmnsausnanuvuniuandsiuvesergiilloadudoniy Tusaen
=1 4 1 el
Tdmsnszduuuu Pure DC fiiiuwdn uaramuaaiansaneuausienanisaasdldia
udliaunsousnesgiiden  wasluvasilififageonanduld  Tasmsuanswaviniau
JJ—[ ar s € as ] o « - L s
AudlfiaudunusivAusiuliiedineves Hall Effect sensor wazdilasidusiaay
= as .
AaAAaauluNITIRTINYBISEUL Pure DC way Combined DC 1Uu 0.081% way 0.803%
R GRIGA

5.2 UBlaAuBuLuL

msAnynsevaussesiaglavyl msifetslunmeaeuiinarnateunndn 3
il suiluismsiimsihauemnualdlunisnsrduvemamieniivarnvats el
famnuunnsevesnsldmilunasgunuiinyaniunismaaoy

Tumsldnusds msthausluguuuuvedlauuaun awrsald Oscilloscope lums
uamsrauUuUsTuAndosuluguues Fast Fourier transform 1¢f vneenavstuenil
wivts anunsavideyaluguveslawunm uazdumauilasld MATLAB dely
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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 matenals, Electromagnetic field, Classification, Measurement, Instrumentation
L. INTRODUCTION 2. PRINCIPLES

Non-destructive testing (NDT) is an effective 2.1 Generation of Electromagnetic Field
technique used to test imperfections on the specimen. The measurement of materials requires induced
One of the most popular NDT technique is to use eddy voltage on the specimen, which according to the eddy
mxmnlsasammwpmbcﬂ;ewm Many works current, 1s _tht elecuomgnetic. !_ield (B). ThC
exist in the literature on the various applications of the electromagnetic field generated by winding a copper wire
eddy current testing. Ref [1] gives an overview of Non- (SWG 22) onto the ferrite core, namely Solenoid, as
destructive testing techniques and outlining the use of shown in Figure 1. The north pole is the electromagnetic
eddy current in measuring the thickness, size and field ejected from the end of the coil and where the
cracking shape of the material. electromagnetic field rush into another side is the south

The use of a Hall Effect sensor in Non-destructive pole. The magnetic field is formed around the solencid
testing applications has many advantages including high coil but “. the centre of ll'l solenoid coil's
durability, measurement performances and low cost. electromagnetic field has a maximum value. When
These features have attracted many researchers to increasing the current (/) or the number of turns the coil
develop various NDT techniques based on this type of (N), the magnetic flux density is increasing too as shown
sensor. Fernandez et al. [2] demonstrated the effects of in Eq. (1). As well as the induced magnetic field (£) in
heat on the Hall Effect sensor measurements with the the solenoid coil if increasing the number of turns and
electromagnetic field of the excited coil for temperature cross-sectional area of the core (4) the inductance will
estimation, where the onset of heat decreases the increase proportionately, as shown in Eq. (2). [5]
performance of the machine. Inthawatkul et al. [3]
studied the metal particles through the use of the Hall B FM )
Effect sensor under temperature conditions. Solenoid

This research aims to classify metal materials through
the usage of a Hall Effect sensor. Specifically, a very low i - {‘fﬂjj 2)
signal is used which thereby requires the use of a Class- Solimond
A amplifier by direct current with stimulation with
frequency (Combined DC) to enable the Hall Effect : wdmn it
sensor to classify materials. The advantages of Class-A K= kg, Fa
amplifier circuit are simple to design and low cost than where  u is the permeability of the medium (H/m)
other amplifier circuit class. [4] #r 15 the relative permeability

Mo i8 the permeability of free space (H/m)

In this research, the solenoid coil winding with copper
wire (SWG 22) length (/) 3.5 cm., radius (v) 1.3 cm.
bound by 200-turns. The inductance of the solenoid coil

+ Vanisara Ki hai is the ter of this paper 15 1.1541 mH.

978-4-907764-60-9 PRO001/18 ¥400 © 2018 SICE 1005
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Fig.1 The structure and pattern of winding a wire of
the solenoid coil.

Because of these factors, the conductor materials have
different conductivity and magnetic permeability, so the
frequency needs to be adjusted to suit measurements. The
intensity of the eddy current in the form of depth ( & ) that
the electromagnetic field can be measured depending on
stimulation frequency (_f ), which is shown in Eq.(3). [6]

3)
0

where  u, is the permeability of a sample (H/m)
o is the conductivity of a sample (S/m)

2.2 Hall Effect Sensor

In the classification of materials, the Linear Hall
Effect sensor 1Cs A1301 is used to achieve the required
classification. This achievement is because the Hall
Effect sensor consists of P type and N type
semiconductors, so the output voltage from the Hall
Effect sensor (V) is proportional to the electromagnetic
field, as shown in Eq.(4). The intensity of the magnetic
field () is related to Lorentz force (/) when charged on
the magnetic ficld (¢) at the angle (#) moving with a
velocity (v ), as shown in Eq.(5).[7]

R

H
[ )
H 4

F = gqvBsin0 (5)

1006

where Ry is Hall coefficient (Q-cm /G )

d is the thickness of the Hall generator (mm)
1 is the constant current (mA)

3. ELECTROMAGNETIC FIELD SYSTEMS

When the electrical current is exerted to the solenoid
coil, the magnetic flux density is highest at the centre's
core of the coil. This magnetic flux density is exerted
onto the Hall Effect sensor installed near the coil in order
to make the results more obvious.

3.1 Electromagnetic Field System With Pure DC
The DC power supply to the measuring instrument by
the power supply input voltage is 3 V, the current is 0.8
A. This voltage and current is supplied to the measuring
system that consists of a solenoid coil and Hall Effect
sensor. The measurement is done by placing the
specimen on the measurement device containing solenoid
coil, which is installed in the middle of the device. The
Hall Effect sensor is placed on top of the solenoid core to
detect the magnetic field. Figure 2 shows the measuring
unit.
Specimen

Hall Effect sensor

Solenoid coil
Fig.2 The measuring unit,

The output voltage of Hall Effect sensor is then sent to
a microcontroller for analog-to-digital conversion (ADC)
and processed on a workstation. The block diagram of the
measuring system using Pure-DC is shown in Figure 3.

5
Hall Effect Solenoid
}
Power supply * Measuring instru J
Microcontroller

Fig.3 The processing of measurement and analysis
system used the measuring instrument with Pure
DC.
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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.

Figd4 The processing of measurement and analysis
system used the measuring instrument with
Combined DC.

Note that the Hall Effect sensor measurement is
sensitive to the presence of eddy current on the conductor
material, hence to ensure correctness and accuracy of the
measurements, calculation of the eddy current intensity
when using the Class-A amplifier through the use of
Eq.(3) must be conducted.

4. EXPERIMENTAL OF SYSTEM WITH
PURE DC AND COMBINED DC

This  section compares the experimental
measurements of each material specimen through the use
of Pure DC and Combined DC methods. Variables of
interest include the temperature of the solenoid, the
electromagnetic field, and the applied current.

4.1 Experimental in Term of Temperature

Before conducting the experiments of measuring the
materials, temperature analysis of the heating coil using
the thermistor NTC type installed on the top of the
solenoid core is conducted. This heat occurred as a
solenoid core loss and thus a proper current usage level
must be selected to prevent damage to the Hall Effect
sensor. The temperature analysis is divided into two
parts: the heat of the coil caused by the DC power supply
(Stimulating the Pure DC) and the coordination of DC
and AC through the Class-A amplifier circuit (Combined
DC). Both of experimental have the current are 0.5 A, 1
A, 1.5 Aand 2 A, respectively.

71

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.

20A

@0 1200 10 240 om0 360
Time (S)
Fig.5 The temperature of the coil when using excitation
with Pure DC.
€0 4
L]
€ » £
1 LOA
E 0SA
30 4
Y \Room Temp
10
0 T T T T T v
o 600 1200 1800 2400 3000 3600
Time (S)

Fig.6 The temperature of the coil when using excitation
with Combined DC.

However, in practice the excitation current used in the
experimental designs is 0.8 A. This current level is
sufficiently high to enable generation of magnetic field
levels that allows proper measurements while
maintaining low levels of magnetic core losses.

4.2 Experimental in Term of Electromagnetic Field
Figure 7 and 8 show the results of applying the
elecromagnetic field to each material with equal
thickness of 3 mm using Extech Instrument model
SDL900, which is a standard magnetic flux
measurement, to measure the flux of each material.
Considering the intensity of the electromagnetic field
from excitation with Pure DC and Combined DC, it is
found that for both measuring apparatuses, the
electromagnetic flux passing through the steel is
approximately 33% greater than those of aluminum,
stainless steel and the control material. This result show
that although the electromagnetic field based measuring
systems are capable of detecting the steel, it cannot
adequately classify the aluminum and stainless steel




since there are only 3% differences between the
electromagnetic field readings of aluminum and stainless
steel.

[~®— Electromagnetic ficld of materials|

Electromagnetic field (mT)

— .

Alioioss  Suisicaswicil | Rafissacevalse
Samples

Fig.7 The electromagnetic field of each material by using
excitation with Pure DC.

--
Steel

[~=—Electromagnetic field of materials|

Electromagnetic field (mT)
5

Samples
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
the materials. This inability also suggests that the Pure
DC system does not have enough resolution to
adequately distinguish between the currents of the
materials.

1008

[~w— Current of materials |

o e i i it

Stecl Abiias - Suiakivesiisl| Ribwacs velos
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.

—w— Current of materials

b
\_.—_—'

082 4

ot

Ao Siabessiod Mol viles
Samples

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.

324

E’-"‘ 3.0216 3.02 3024
EJ"' Refewneevn.lue._ Aluminum
R =
gu_ 26852 26853 26853
E Stainicss steel
}1_.‘ /#g_eumx
] . s
224 22328 223 FXEL)
20 T T T T T
10 15 20 25 30
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 1 5% 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 g = 6.3x10° (H/m) and & =
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 | 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
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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+ /—
454 46729 4.6738 46838
S Stainless steel
=~ 4.04
5 36355 3.6219 #3645
Basd
B
E_ 304 Ref
Epr \'\
21677 2.166 2183
5:.0- ¥ - Aluminum
Pl ————
184 1.7418% 15595
10 T T T T T
10 15 20 25 30
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 | Advantages and disadvantages of usage by
excitation with Pure DC and Combined DC.

Pure DC Combined DC
Temperature of

W Good Poor
solenoid coil
e lasseﬁca-uon of Pook Good
. instenalyc - T oot el
Measurement the
depth of the Poor Good
material
The com;_)lex}ty 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 alumimum
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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