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FUN 2.5 WienaTuindegluannisanna lneh Regys 887 0°C 2wladn

R
= —2— (2.9)
R3 RsgNs

P el . [Y) - < 2. P -l
faeglifinszualvaduianiueiies (DVM:  Digital  Volt  Meter) (iogaumgiif
Ay 1 A‘ : 3 t 4 o 1 <t ) (Y} - &
Rsgns 9% AN Rggys 8iRatiuyinlvg 'msusmi‘luazjqauaz:uns.,ualwaw:una'nuaumas
v [ " L o 1 4 0 ¥ as ¥ s ]
sgnlsinmumsssuuy 2 aemnedumsinszeslng ngunsaleglaatugandenisesia b
v o o - - a &£ ' 2
wIngiuNURABIaINAIBE1 9 e nazliamuEanaAiaTUIINAAIUATUNUATEN
o o o & Vi a sa S ’ - o ’ >
vesaeini1 vldrieuldfmdeuly msseuuy 2 meFamnegfunuiibideinisaam
gneDage
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Viv

Rsens

r2

gtlﬁ 2.6 NMsAauuy 3 ane [11]

nsseuuy 3 ane Wuitlesldfgelugaamnasu Tnsanen 3 Duuuuillelifge
Tugnamnssulneaeis 3 fagseninegaiiinduases ssfacdivum, mwmenvindu wave
'luqcuwnvﬁl.ﬁmﬁ'umaamf'«'a'lﬁ’fhﬂmﬁ"\umu Ry, R, uay Ry wasululufiemiadeatude
swnitvindy dufe

R1 D R2+T1

(2.10)
R3 RsgNs + 12

< P w 1) ady o & o o o o
Wewn ry Whiur, wszastuguuiiiiadeduegiu Rsgys Wosdafes villins
fiBUUY 3 anelirugARBIRATIINNIHBNUY 2 e

2.3.3 MIABUVL 4 dw

mssisuuy 4 meduuuuiiiinngndesgsiige esmnideugasetecuiadeently
anIBuenii 4 38 aansevasANEuUYesaeRnhldivun Tasanevia 4 Fesdl
W9, ATNETIVNY wareglugnmgiiAsriunasmivileuiunssiauuu 3 aw

R R, + T+ T
L= 2L 3 2.11)
R3 RsgNs + T2+ Ty

R 1 RZ

Vin C_P A P \ .
7] SENS

n

U 2.7 mssewuu 4 ae [11]
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1. awee aunsoanatlilagldasreiiduiigauifesiild nasauvesnruduny
Faousluszuuaienensesliasnin 1 % 1esmudunIuTesuIges HasINYes
AnusuneIaese WunisiuruEuNINYTINgYeLsUIEes LazvinlviAn
AuGdBU (Zero shift) w3e Bevien (Off set) wisasmala Al uAANAIAdY
Wlennanaedeanninvaweldlaglivesaese 3 ae uas 4 aww Aefinalilu
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iwuiwesgamaisnnauly issnmsesnuuuviaginivg Wlslafmunidesiiauy
vosgungidatsuensiiu msirgumgiilminasig @ sunseiuatios uae
annsatadilmils

3, armlanaanaudeunelufies etudiovdesussiunienszuadlfidiluly
2uvsvasRTuIresIzUAsundsaulnihideudludundaunuieu ainu
Anwarnanarmisuniglumistauisaanaslalaanissrianisigmasluisuees
mudunlitosndt 2 mw wuwesTiliResdituitinnalngilentsiadesnis
mmuihguaniessuieamiousen
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dwmiuluingriinusiauisznanfuaniznisudtgmissagugeiaiusmunuludiuy
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unAwdde [5] wae [7]1 ussyndld laeseasidunlaggovasunauide 5] uas [7]
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2.5.1 1U39894 Ji-Man Park uaz Sung-tk Jun [5]
Ji-Man Park waz Sung-lk Jun Waue fMulasrnuiuvmnulutinunandmiv
IwugeFANUTUYTY HegUTl 2.8 UstneudBleuwaiAFUNY R, Waziduniu R,
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Taofiumuhasslasunssienduunnunasiidanseuanit I (Tunaliifnusesy
Vs; Uae Vs, Tnoauseiu Vs, daliuussiunnasaudidunu R, gnieulundunam
nvasramITuneidaiiodinmilu Vg, diumuseiuuseiy Vs, anasauddumu Ry
Qmﬁlau'lﬁun'ﬁuvgmrrmmJaaﬂaummmas’ﬁﬁm'}ﬁvgmﬂu Vez AWMU Veg uar Vg, @n
Ssuiisudtygunu V; %44Lﬁmnmwsusuﬂﬁuﬁnnsmas’é’uﬂssnauﬁ"auﬁmﬁuﬂszq
Cr Uavuwaanuianseua Io m'1nﬁué’:ytmmmﬁvgmamasaanmswma%v‘?aamgneiwia
Lﬁaﬂamﬂuﬁmmmﬁuvgﬂlﬁuﬁaaﬁnmmﬁ’mmé’uﬂsznavﬁaa weiinm hwmtihideelvitu
aeswsudBuiinsined () uasdndmilsReidndngdveeiinailiidutasmuna v,

I
+ S1
rsl
C Rref
II}-——J———A! ‘—~—<b VC I

=} > - o l
UM 2.8 msulaserisumuidunainihauelag 5]

a4 a o v a ca o - 'Y
WaNATUIFUN 2.8 LAIBUNATEIABNNITUARIAB Vi uas Vi, MuSsuliisuiu
LY ) - [ 4
sy V, avdwaliifaedyavespeuwisiessilu Ve uae Ve anudiwy Seezduly
L2 ) ] ?, e L 4
auAanwusNTaNU (Transfer characteristics) AU 2.9

4

Vea Vez

Vad

Ve

4 LY ] [ L4
UM 2.9 AanuusNTAINUTBIRBUNITUABS [5]
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V4 v
52
V.
Ve S 1 _-
/ -~
T SRS
Veo| 1y r

U 2.10 leezunsunanvesiautas (5]

Tugui 2.10 wanslaszunsuanvesiauas fmusli R, fifwnnnda Ry, aind
S; agluaniz“ON” dnfiudsey Cp 9zmuUszy BunavuinvesrauwsunesAe V; dif
D 0 soumsvhenGuiudleaing Syegluanniz “OFF” nszua I vnusudduiiinsines
Inariuduiusey Cy dlauseiu ¥, Sty Tnefienududu ch; dlefivrsaniiney
MURBIUSU V, iidunnniaen Vs dgiauamnnvenoumsnmes Vg, el
“Low” waziondannvaudndmginessinafe V, lAluannz “High”  driwueli T, Ae
drananiidyann Ve, aendygalitsedy Vg Tnedl Va, Aoruseulmdesiiseliun
2093ARINISNARS annsalsuannsAImEWISTe TN Ty 18w

14
T1 = "I;S"Z"CR (2.12)
c

dlousefu Ve adiueudidnannndnd Vi LD MNAYBIRDUNITUABSAB Vipauiiandu
“Low” V, aenduanagluanni “Low” uasiowinnvasuedinada I, svegluanns
“High” vilviadng S, azagluan1ie “ON” uswiu ¥, atlvaainsini innsSien uasidu
viewluseudaly drivusldl T, Aethananiidyan  Veamdggialinsedu Vy,
ansedsuaumsaudniusvesizwunm T, 1adl



12

v
Tz = '75—2' CR (2.13)
c

w €

FRAUNABNBANINES V, AD
AT =T, - T, (2.14)

YraunsT (2.12) wavaunsi (2.13) unuasluauniss (2.14) sl

VeV Ry—R
AT = -2_SCp = —i‘-l—ffﬁlsck (2.15)
(4 [+

2.5.2 939894 Tapan Kr. Maiti uag Asim Kar [7]
o o . ¥ o «a o A - )
MAered T. K Maiti wag A Kar levtaussuideises wmatiannsinszezing
Iy DY) < [ sl o Py
dmsvldtuisugesanudunudulvannsnusniinisuuasusssudunssua uidudl

<t a 1 :
seazdaananaluil
R
ﬁE\N» M
+
op

ny>

)

=<

, AMA
l Ry

U 2.11 29957 T. K. Maiti uaz A. Kar aus [7]
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L7 6 O o U o d ) [ 3 o
Twimaasusenaunlgestusndduiuasia smusnimiiduresiviesuasi
a ° v o Y P ¢ a0 v o &,
fasshwiiiluresuvawssiuilunssuaniiienadu V, deauseiudune V;
a P o ' P Ao ' « v X
auwquﬁauﬁmaau dnulvanuad935URe Rs Nlinnsneainsnun amnusmuniy Ry Ufe
Y] a [ ° v a ' »
WwuLgesANAuNIY Wsdin1sldialussaslnassildiinArarrudruniuluaie
=k 1 d o =
(Rw1 , Ry2) luasasiimseielalan D; uaz D, enmuafienemsivavesnseua  las
nszualvan (1) lunsasandulumunuduwus

Vi

R (2.16)

I L=
Tog# V; \Sudunsgneaudiviey
dle v, firegluilimauan firmnsvesnszualvan I @nasidi) fidelvaasluds
As1un Inssusunuluanese (Ry: . Rw2) waslalen Dy ﬁoia'lﬁag'luan'nzﬁ'mwua
MFUMUTIngI9Tn Rs uazuaundgadomauan (Ve,) vesussiulensng Vo Wuluamw
PdRuSAST]

Vo = 2Vi(+) = 2[(Rw1 + Rs + Ry2)lpamp +Vp1l @17

‘J W J 1
ogh Vp;  Aeusiuienasoulales Dy
a o da « o et 1
Ve(+) ﬂauimuwauv!mmmnvaaaaﬂuenﬂa‘i’mwm V; aiAnduuan
Vi AausundgaveinTeualvan I

e V; fiseglutlmeau nszualvas Iy@nasiduyse) sxiifiansinavenszuanin
n3uAlUEBUNAYIVINYBIRs UL Fazriruaruiunnluats Ry, , Rys) wae
lolenm D, wi’niv'uﬁoia'lﬁaq'luam'zsﬁ'mszua Faezliilvaruaudunuiinsada R uaz
Inlon D, vmiunszuasslvariuuauwdymiloneay (Vo) vedussiuaing Vo Searld
ARl

Vo- = 2V, (-) = =2[(Rw1 + Rw2)lLamp + Vi,] (2.18)

< Y, | v
Taefl Vp, Asuswiufinnaseulalon D,
L A- b 4 d U
V. (-) faussiundunpvivinvessedusuddmiven V; afinuluau

' s 13 < v
AT wNRRaY (Vopean) dansamlaain

Vomean = 0.5[Voy + Vo1 = Rsliamp + (Vp1 — Vp2) (219)
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funuiinsvirlaendusaseviolildsunansenunndmusumuluanees

MnunAEIteiiiundreiuiugadiuluil mehaureseueesimfuszuy
Tuleslusiaees Sedndudeanisiowinmisenunluguuuuresiinea Ussnoufums
anviadsmugeimsnvmafimuisediinauibuaanemadunuiidntes
1n wiednsRefiniasiBentunsiafifiniu sruuiaiasnsarmasiBeniigeiu wily
varganAdelildnanidudesmssamemaudiumluaedih fafumniiniewamn
ssnuuvIesWarmdumiliegluguamuna Afimsvawsamnsumulumesnh
shelassasreiiie uazhitudeugen sxvilimahluussendldonlunsinsees inavinlé
asmnuasimuRswanaiiiatunaasulusetasas



<l
unn 3

v a o
'Jﬂﬁ)iwﬂaﬂﬁ')wmu“ll'mtﬂuwmﬂu‘]l.aua

3.1 na1ln
av o d = ol v o '3 -
MNNsANTUITEINeItes (5] wax [7] Anamliluuny 2 uazldieshruin
v Y ot ° '
Tumimuazesnuuunsswasmudnmuduna Sduunildiiauediuusznou
s [ 1 4 ¥ o g 2 <
wasvdnmeiiurensswlasrmuiumuidunailévautu lagldessumioled
< o ead & uva v t o vat o
d5ajuralugunsniimvelalivisegluvisnain wenvintiuasesininauslafinsiamn
s ¥ (Y o 1 4 o 1 4
niNNI59NLUUNITIuAIUYBINISIANIT eIl INelrlilasasanie uasladegygin
& a1 @ 1 o @ ) o Y
wwmaiiliedudadiudaduiuarmdumuiinnein

ol o
3.2 47UUTENADUYR MR INUNEUD

S/H,
+
A,
clk SWz Y y 71 ~C 1 y
1 L L
-
-
o s, LI
I Iny +A3 V2
S/H,

d o
UM 3.1 amsudasedinunmaduinatiniiaus

NNFUT 3.1 uamaesuwasmusumudiunaiitaus Swssneude

- 99sUnes (Buffer) lnaldoauueand A,

- 2993guuazAIn (Sample and Hold : S/H) $1uau 2 ga FeUsznauday savuend
A, Fuftuseq €, iwiifunsesquuasasdnit 1 (S/H,) was savuent A, wazda
Wunse C; iwihiBursesquuazasnit 2 (S/H,)

- 299svenedygranuunduna (Inverting Amplifier) Usenausneasuuaud A, uas
s R, Sy 2 fa

- usuraRNaInY Usenaumie SW,; SW, uag SW;,

- undstufianseuansil Ip,
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- 2995usulBuritnsmes (Ramp Integrator) UsEnaumie uvasnitanssua I, uay
mfiudseq C

- 209sWSsuWisuLs U Usznaume Comp, waz Comp,

- @a9dninA §1uIu 2 77 Usznaumie ueilnm (NOR  cate) uaz idndnadvieaiing
(EX-OR gate)

- lolem D, uaz D,

- AMEUNURRTINIR Regys

3.3 MINNIUYDINAT

9IN3UM 3.1 Mrdwuali SW, agluannz “ON” dufuuszy C axegluanmezme
Useq ilvfussdusnaseusinivlsey € vie v, \lumud wavesnuuuiesingldaing
SW, uaz  SW, Wuadnsivinaumdeniu (uannzlaanmeviasiianuznimniinu
wilouiy) lepgneuaumedgyarauiing clk

Az
clk SWJ, \ - FC] =
Y R
——l{'q_l Vi P A .
REAN L i
RO OFE
<

- ® - o -
JUA 3.2 myinureaasiie SWy tas SW, aglusumiai 1

NNFUT 3.2 Wleadnd SW, uaz SW, eglusiuwmisil 1 lalen D, sgluanmz
UINTEUA NITUA I, rlvanuaudiuniunisluas (Rw; uwar Rw,) usszlilvasiiu
lalon D, fivendutidsiianmengminszua vibilidinszualuakumudumuiinseia
(Rsgs) diefinrsanillun v, sxldiusduilun v, Hudunavenesimeivionasiu
wu (A,) MnAuENTRveNsTNves Fadidunmduiiunudgeuazionsinmduiiuauds uasil
8nIIMIvEIeiniu 1 Milidygrameiuedyaminduessiunediuduys dygin
winaieanainasestninefiussdwlvdudunavesisesquuarasail 1 (S/H,) 8
Uszneutuen eaduead A, wazdufiulsey ¢, ’ﬁwsvhm'i':iuﬁi'lﬁtymml.ﬁamﬁ']ﬁmm'!m
v, , WhgdnnssFeuieudygio Wemnendwaiisensimeesduuaasei 1 dudu
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dygruiifianduau elildgudygraiianiuuin Saiinslirsesuersuuunduina
(Inverting Amplifier) BsusznauduaaUuany A, uasfadumu Ry s1uau 2 M 1DwNA
filFansesvesuuundumaiszgnueefesnsveisniniy -1 duRemavesdyy o
Waguly 180 s iligudygaliiiduiuuin wazGondygiudind1291 vy 3
annsndeuaunsrudnisian

Vx1 = (Rwl + RWZ)IRI + Vp1 i SWy,SW, =1 (3.1)

o - a ' o o
lne vpy Ao useiumnasanlalen Dy Tuvawrd Dy agluannmhnsua

clk l SW;

]
JAS

3
'

- ° - o v e
JUN 3.3 AN NIUIBING D SW, uay SW; ﬂg'lumuwmm 4

NNFUT 3.3 dieaind  SW, war - SW, - sgludwmini 2 lales D, agluanms
inszud nszud Ipgvslvariturnusiunaunisluans (Rwy wae Rwy) waylvaniuaiiu
FUNUARSI97R (Regns) wiivzliilvadulalos D, ﬁn’ané’uvgﬁqﬁamwwqﬂﬁ'mszua
useuilue v, szudunnvansasinmes A, Flddunsdoudyanainiun v, uds
druBunnrensTsduLazAIf 2 (S/H,) BrusEnoutuainestuent A, Fufuusey C, 39
wvhmsguadyguionsidyyn v, , é’rgty,']mlaﬂﬁvgmﬁaaﬂmmaaszjuuasmr-hﬁ 2
TN vy, TeEnnsaFeuaumseuENuSlaN

Vx2 = (Ry1 + Ryz + Rspns)Igs + Vpz 5 SWy, SW, =2 (32)

A b ¥ 4 o
oWl vp, e ussiunnaseslalen D, Tuvauen D, sgluanmwihnszua

123111
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J o e - - L3
JUM 3.4 maihnurenesifsuisudyg muazusunlduiinanes

] .v' v o - J
Tudurensesfsuisudyguiuavysznoudme1eesdauiu 2 4a As Comp,
i - [ =4 o ar L - - o
AolueesINeYiIN ST o uiBud g vy NUAQYINS198 Wag.  Comp, M1N1s
od ar - -4 w - 14 4
WisuWisudg i v,, dudygrudibe Ineidggrmuardansanlun v, Jaludygiun
- - 1 J 1 L3 -~ o ol J
lmsesusulbuiinsines Bawszneudsunasiilanssua T, uasdauiuusyq C dagun
3.4
NNTNUBONNIWIBUIEY Comp, IAdggranawinm v,, Ao

'H’maxl ' Ux1 > Ve

(3.3)
~|Vmin1l V1 < Ve

g

-l - o 1\ o -
8N Ve A9 USIRUGIRINUMESTE INEIYaM SIS UTIB ARy Comp,
- W 6 h r : <4 .
Vmima 10 X330UAGAINUMASTEINEsvaNWWIBUiB Ui Comp,

MAMUAY Vg = 0V 22lan

+vmaxl » Ux1 > Ve
Vo1 = { v, (3.4)

o a - - - < - - - v
dieWe13u Comp, BUNANTIUINAS ¥, WarduwanvauAedyg i v, lé
IMvsusudduiiinsineianinn1svinnueeesiiisuiiisu Comp, xldieninnyes
= ' - o o &
Comp, T8N v, Sawsaliouaun1snudunusnal

+vmax2 »Ux2 > Ve

(3.5
_Ivminzl » Ux2 < Ve

]

«[ o - w ) 1 W o U‘ P 5 C
AN Vpayz AD WSIAUGIAADINUMATINE I.iﬂﬂ'tlﬂ@']@iﬁl. Suuiieudtygu Comp,
Vninz A9 UTAUAIEARINUNEINIE NGB NS BUTIBUdYY 0 Comp,

= inl
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MUALA Ve = O V 22l

tVmax2 1 Vx2 > V¢

Vo2 = { ov Vyp < Ve (3.6)

&
|
\
-
4

Vour Vo2 lu !
- = .

T N\,

Vout
A
T o2y i

h 15

(n) (v)

d ) 4 - e -
UM 3.5 (n) 2vsludrunSeuisudsgm ssusuddufiosmes wagaedning
(v) dyannsviulunsiaziue

o 4 o v oa o« w -
INUN 3.5 (n) lerivuslviadng Sws egluanmaz “ON” dafiuusey C finmsay
a O al & d -
Uszq wssduiilua v, 1ugud seunminnusenssssiutudleaing sw, agluanne
» = J £ o £ ) s
“OFF” (W13 gy 3.5 (¥) nzud [p, v0INTUTHTBUTINIWET Inakusufiuuseq C
U ) =l -‘ .v a l J ar -‘ J 4 U
AT v, zlinintulastinouduiu —E"i WIBUTIU v, INNTUINANTIAT D,y ARy
4 v <t ; | ¢ v o v -
vorduiuiednnvenssssuiitsudgan Comp, ssmiriuaud drimunli tqfe
' J = 1 % o o f H
FRIAMAYYIN Vo HAUANTIE “High” sadiouaunisaudunusyestasmua
var of
t, lanal

_ Cc
ty = leE (3.7

o - - W al ' o
INNIVINNUTBINTWTIUTIBY Comp, WOWSWIU v, AN vy, dQeIN 1,289
« - v o v o P -y
1@1NWALE3 Comp, eiiAnlumud timuali ¢, Aevina iy v,, fnluan1ie
" - o | o
“High” asnsaliguaunsmiudunusvesteniuna t, Tane

G
tz = Vy2 E (3.8)
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PINMIINNTBIUBSING T3l 1oy WAL Y,y Judygrauduws feudle v,y uas v, i
Tugnme “Low” 1A vy, TAluantas “High” villd sw; agluanniz “ON” Faufiudseg
¢ wiimsmevssydnafateunahenluseudaly sinmsvhauseasndaginessinn il
FUUI Dy UAE Doy Wudygraudunmeldtiananfidynin v, Sfiluanne “High”
Ao

At =t, -t (3.9)
dleunuranaunsi (3.7) wae (3.8) asluaunsh (3.9) sl

At = t, — ¢4
=7 $ v ¢
x2 N x1 Iz

il

<
®
N

C
— ‘Ux1) -I;;; (3.10)

~ ) P < o w o
WBUNUA Dy WAT Dy IINANNTN (3.1) Uazaumsh (3.2) muanu asluaunsn (3.10)
aglen

c
At = [(vp, — vpy) + Ig1Rsens] (;;2') (3.11)

J QNN hod 1
naunsh (3.11) fiwuslilelen D; was D, finaauifmiiouiunnuszns Amussiunn
Asoulalonvddiy D; war D, afivuawiniu (vpy — vpz = 0) AINUTNAIULIAIYDY
o s <t - (-1
Y IUBWNR D4y, (AF) TramnsaiBeulalmiiliy

I
At = RSENsc ("&J‘ (3.12)
IR2

<l 4 ) a ¥ W v al Y
INauMsn (3.12) 9glddn At JudadiuBuduiuanudunmuiingain Reeys wasA
1ad 1 1 24 .‘; i (-] =t d Q
arunuluany (Rw; waz Rw,) Lilinaseai At asiu nasminauelamnsiissiluldly
msinssezlnala
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4.1 na1in
2svsulaseui T tut e unadmiuruge e AUy Mldssnuuunas

° a & oS4 P a o Alu
Unausliluuni 3 du luunitlesngnfimmeasudszdniamnisinueensesildaue
lidhemarequnsainisaduveianaass

4.2 MmegsunMmnudlenisdsgunIaisfiasluvaiannaes

Tuhdsilssifunisdersaslasligunsaissdeadluvesannass ilaneasums
¥197u99929959MUAUD LALANYINAYDINITABULYAIWEIMNFWMUTINTITsaY2
muawaNeIRNe  Amnlimesuasgunsainlflunimaasauandlluaised 4.1 uaz
ATl 4.2 pudhey

715191 4.1 Ansdivesvesqunsallulees

viinvewunsnl AnliweTvegunsal
lr 1.02 mA
lro 9.99 pA
c 796.3 bF
G, G 15 nF
Rx 5 kQ
clk 1 kHz

o
A9 4.2 en1sgunTal

dFrydnwnigunsel Fogunsnd weslefgunsel mswlnidse
A- A paUuDNY LF 351 £5V
Comp, , Comp;, ABUNITURES LM 358 +5V
Nor gate ussnm CD4001 +5V
EX-OR gate \Bndagivieasing CDA0T0 +5V
SW; , SW,, SW, wauvhenaing CD4053 +5V
D,, D, lolon 1N4148

4 ° < 1 P [N - «
Tugun 4.1 Wumaigunsallumisnei 4.2 dersssasluvesanaass Tngldamisifimedan
o ' ' P & ) v YV v
g9ef 4.1 ludruvesmsveaouiesnisreasiuvesameasaiuaznariilutdedalu
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a combined control scheme is proposed which is composed of the
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This paper presents a simple resistance-to-time converter for remotely
measuring resistance of single resistive sensors. The proposed circuit
employs commercially available devices to generate the output pulse
whose time interval is linearly proportional to the sensing resistance.
Experimental results are given to confirm not only the good operation
but also the effective lead-wire-resistance compensation of the
proposed converter.
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We have preproducted a waveform sensor for measuring the power
factor and harmonics in power systems. We have executed numerical
electromagnetic analyses to estimate the characteristics of the sensor.
Although the electric fleld analyses for the voltage sensor have not
included the measurement circuit for measuring voltage waveforms
of power lines. In this paper, we describe the method of electric field
analysls, which we have conducted including the measurement circuit
and apparatus for measuring voltage waveforms.
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Proposed in this paper is a method of predicting loss-of-synchronism
caused by excessive torque-load for a five-phase stepping motor, which
is being operated within the maximum self-startup frequency. This
is achieved using a signal available In the motor-driver and does not
require an additional angle-sensor, retaining the open-loop nature of
the motor.
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A method for realizing the PD controller is presented in this paper.
The circuit implementation is based on OTAs as active elements with
a grounded capacitor. The proportional gain and derivative time can
be electronically varied by tuning the external bias current of OTA.
Moreover, the structure of the proposed scheme can be simply realized
the PID controller by including resistor-capacitor series network at the
output terminal. Experimental results verifying the performances of the
proposed circuit are agreed with the theoretical values.
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Simple Resistance-to-Time Converter with Lead-Wire-Resistance Compensation

Prasit Julsereewong, Amphawan Julsereewong, Apinai Rerkratn, and Nakorn Pootharaporn

Faculty of Engineering, King Mongkut’s Instifute of Technology Ladkrabang
Ladkrabang, Bangkok, Thailand, 10520
(Tel ; +66-2-329-8347; E~-mail: kjprasit@kmitl.ac.th)

Abstract: This paper presents a simple resistance-to-time converter for remotely measuring resistance of single resistive
sensors. The proposed circuit employs commercially available devices to generate the output pulse whose time interval
is linearly proportional to the sensing resistance. Experimental results are given to confirm not only the good operation
but also the effective lead-wire-resistance compensation of the proposed converter.

Keywords: resistance-to-time converter, remote measurement, lead-wire-resistance compensation, resistive sensor,

interface circuit.
1. INTRODUCTION

Resistive sensors are widely used in the industry to
measure physical quantities such as pressure, strain, and
temperature. They can be classified into two types;
single type and differential type. Single resistive
sensors, such as resistive temperature detectors (RTDs)
and strain gages, have only one sensing element whose
value is sensitive to the variation of parameter being
measured. Differential resistive sensors, such as
potentiometric sensors, have two sensing elements. The
value of one of the resistors increases while the value of
another resistor decreases with respect to parameter
being sensed.

Alternative topologies to conventional bridge
interface circuit have been reported for converting the
sensing resistance deviation to pulsewidth [1] or time
interval [2-3), which easily provide digital equivalent
output. These approaches are simple in their
configurations and operations. The proposed circuits in
[1-2] and [3] are employed for interfacing single-type
and differential-type resistive sensors, respectively.
Using all of these realization methods to connect a
resistive sensor to a remotely located interface circuit,
however, the error due to the resistance of the lead wire
connecting sensor to the measuring instrument
deteriorates the accuracy. Thus, three/four connecting
wires are required to eliminate the effects of lead-wire
resistances [4]. Nevertheless, the multi-wire techniques
would not only increase the wiring and installation costs
but also enhance the system complexity for
multi-measuring points.

The aim of this paper is, therefore, to present the
resistance-to-time converter with lead-wire-resistance
compensation, which is suitable for remotely interfacing
single resistive sensors. The implementation method
based on the use of commercially available devices
applies interesting ideas introduced in [2] and [5], so
that the realization technique to provide output pulse
whose width is linearly proportional to the sensing
registance and to minimize lead-wire resistance effect
can be obtained. The proposed converter also has simple
structure, low cost, and linear characteristic.
Experimental results are included to verify the
effectiveness of the proposed circuit.

-2760 -

2. CIRCUIT DESCRIPTIONS

Fig. 1(a) shows a circuit configuration of the
proposed resistance-to-time converter. An opamp A,
functions as a buffer. Two simple sample-and-hold
circuits (S/H, and S/H,) are formed by the opamp A,-the
capacitor C, and the opamp Aj-the capacitor C,
respectively. The opamp A, and two resistors R, work as
a unity-gain inverting amplifier. Two switches SW, and
SW, are simultaneously controlled by a clock signal clk.
A constant current source I, and a capacitor C are
connected to form as a ramp integrator. Two voltage
comparators (Comp, and Comp,), two logic gates (NOR
and EX-OR), and the ramp integrator are employed to
produce an output pulse v,,, whose time interval At is
proportional to the sensing resistance Rseys. Considering
Fig. 1(b) which displays signal waveforms at various
nodes, the operation of the proposed converter with
lead-wire-resistance compensation can be discussed as
follows.

Before the operation of the proposed converter starts,
we assume that the switch SW; is closed to discharge
the capacitor C and set the voltage v, to be zero. In the
first analysis, both switches SW, and SW, are kept to
position 1, a reference current Jp, (direction shown by
the solid line) flows through lead-wire resistances (R,,,
R,;) and a diode D;. Based on the S/H; and the
unity-gain inverting amplifier, the voltage v, can be
stated as

Va=(R,+R,; Hu + Vi (1)

where vp, is the voltage drop across D,. When the
switches SW, and SW, are set at position 2, I
(direction shown by the dashed line) flows through the
lead-wire resistances (R,;, Ry;), diode D,, and Rguys.
Considering the S/H,, the voltage v, can be given by

Ve = (R\vl + Regys "'sz)[m +vp, @

where vp, is the voltage drop across D,. The outputs v
and v,; of the S/H, and S/H; are applied to the Comp,
and Comp,, respectively. Based on the operations of
ramp integrator, two comparators, and two logic gates,

PR0001/11/0000-2760 ¥400 © 2011 SICE
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(b) Voltage waveforms at various nodes.
Fig.1 Proposed resistance-to-time converter with lead-resistance compensation.

the time durations (1), #,) for which the Comp, output v,,
and the Comp, output v, are high can be written as

t, =v, 3
1 i IRZ

C
L,=v,— 4)
: Ip,

Thus the time interval of v, (Af) can be expressed as

C
A=t -1 ‘_‘("xz “’xl)'l—' (5)
R2

Substituting Eqs. (1)~(2) into Eq. (5), results in

At =((vp, - v,,,)+1,,Rm)(79-) )

R2

For two perfectly matched diodes, the voltages v;, and
vp, are equal (vp; — vp; =0). The At can be rewritten as

At= RS‘ENSC(}]J!._) @

R2

From Eq. (7), it is evident that At is linearly proportional
to Reens and is independent of R, and R,;. Therefore,
the proposed converter can be used for remotely
measuring the sensing resistance.

3. EXPERIMENTAL RESULTS

Performance of the proposed converter of Fig. 1(a)
was verified through experimental results. In order to
emulate the remote measurement, the lead-wire
resistances (Rw1, Ry2) and the sensing resistance Rgevs
were set in different values. The commercial LF351 and
LM358 devices were employed to construct the opams
(A)-Ay) and the voltage comparators (Comp, and
Comp,), respectively. The discrete components 1N4148,
CD4001, CD4070, and CD4053 were used as the diode,
NOR gate, EX-OR gate, and analog switch,
respectively. The supply voltages of the opamps, voltage
comparators, logic gates, and analog switches were set
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Table 1 Experimental results for remote measurement.
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Reeys (©) | Calculated Ar (us) Measured As (Uis) Worst-case
Case 1 Case 2 Case 3 Case 4 Case 5 error (%)
99.6 8.097 8.14 8.15 8.15 8.16 8.16 0.778
200 16.26 16.2 16.4 16.2 16.4 16.4 0.861
296 24.06 24.0 24.0 24.2 24.0 24.2 0.852
400 32.52 32.6 326 32.7 32.7 32.6 0.246
499 40.57 40.6 40.6 40.6 40.8 40.8 0.567
601 48.86 48.8 49.0 49.0 49.2 49.2 0.696
699 56.83 57.1 56.8 57.1 57.1 57.1 0.475
801 65.12 65.4 65.2 65.2 65.2 65.6 0.737
900 73.17 73.3 73.4 73.3 733 73.6 0.588
999 81.22 81.6 81.8 81.8 81.9 81.9 0.837
Note: Case 1: .y + R,y =00, Case 2: R, +R.,=12.1 Q, Case 3: R, + R, =26.4 Q, Case 4: R,, + R.,=51.20Q, Case 5: R,; + Rn=101.50Q
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é eof- Nontinearity Error Y g
. ¥ 2
g S X g LA - ]0 =
= :
Eor / £
2 o2
b — [om
0l j| i
N R O T N e T A T S 1Joa8'
Sensing Resistance (ohm)
(a) results from no lead-wire resistance (Case 1)
100 T T 0.4
|
80 .
= 1&%
E’/ -~
= bR
= —
’g’ « » x . - x x .;*0.1 3’
: 3
-g 401 / Nonlinearity Error (%) 1 g
i < Z
= ) 005
2 Measured Time Interval
fo0 0 %00 w0 e &0 700 80 500 008!
Sensing Resistance (ohm)

(b) results from 101.5 Q lead-wire resistance (Case 5)
Fig.2 Measured time interval and nonlinearity error versus sensing resistance.
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tox5V, +5V, +5 'V, and £5 V, respectively. The values
for circuit parameters were chosen as: Ip; = 1.02 mA, I,
=999 uA, C=796.3 pF, C, = C; = 15 nF, R, = 5 kQ,
and ckk = 1 kHz. The experimental results of the time
interval of output pulse for five different values of total
lead-wire resistance (R,, + R,,) are summarized in
Table 1, which shows the linearity over the wide range
of the sensing resistance variation. From Table 1, it can
be observed that the results of the proposed converter
agree well with the ideal values with a maximum
worst-case error less than 0.9%. Additionally, the
minimization of lead-wire resistance effects can be
achieved using the proposed circuit method.

From Table 1 (Case 1 and Case 5), plots of the
measured time interval and nonlinearity error versus the
senging resistance are illustrated in Fig. 2. It is evident
that the relations of measured time interval Ar and
sensing resistance Rgeys are linear, and the nonlinearity
errors are approximately equal to zero for both no
lead-wire resistance and 101.5 Q lead-wire resistance
cases.

4. CONCLUSION

Simple method to implement the resistance-to-time
converter for remotely indicating sensing resistance has
been introduced in this paper. The proposed converter
suitable for use with single resistive sensors provides
not only the linear characteristic but also the capability
of reducing effects due to the lead-wire resistance. The
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accuracy and linearity of the proposed circuit were
confirmed by experimental results, with measured errors
well below 0.9% observed. However, a further
improvement of the circuit accuracy can be expected if
the accurate sample-and-hold circuits are used.
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