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ABSTRACT

A circuit technique to implement the converters for a linear variable
differential transformer (LVDT) is presented in this thesis. Each proposed signal
converter is based on the use of the sample and hold circuit instead of a
synchronous demodulator in the traditional approaches. The output signals of these
converters are provided without a low-pass filter in the signal paths. Therefore, the
fast response time is achieved. The reference signal used to generate the control
signal for the sample and hold circuit in the proposed converters is directly provided
by the output signals of the LVDT to prevent the phase shift between the excitation
signal and the LVDT signal, caused by the LVDT structure. The first converter is based
on the use of an integrator to determine the LVDT signal at the half period of the
excitation signal. The second converter is based on the use of the proposed peak-
amplitude finder to generate the control signal to sample and hold the signal from
the LVDT. The last converter uses the divider obtained by an operational
transcondutance amplifier (OTA) to precede the ratio of a different and sum of the
two winding signals from the LVDT. Therefore the temperature effect of both OTA
and LVDT are compensated. The core displacement signal, which is varied in
proportion to the position of the moving core of LVDT, is accurately extracted to
direct-current (DC) voltage signal. Performance of the proposed converters are
discussed in detail and confirmed by the experimental demonstration using
commercial devices. The purpose of the proposed technique is emphasized in terms

of high accuracy, fast response, simple configuration and low cost.
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1¢97n LVDT Fasimnuidudadu lnsazndstududndiulanansaduai | vsasunuaiuny

a

wilgrdedeuild luneauafainnudumuvesvaaiaUgugiuasiegives LVOT a1

Y

(%
L

Juaud wazldifnmnusaavesdygyradunawazdyyiae1dng daud@Enuisodey

aun1svedauaseFNe LAt

Vg = 2k;V, I sin oot (2.13)
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483 LVDT wndouiily

fluazanuasidongs
fuunadnuaziminu

f5Unuuiiioudis Seazmandenisinsauaz
Uszandld

WHeuss numuseanINLInd
\inNavesdaLno3Ta (hysteresis) Hagu1ndg
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NUGIUY
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Tinanavausifisnisy
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Hufaideansin e lminaueenly
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2.3 NEANNITNUFIUNEINUNITUBYLAAUALNITANDALANT EYEY U

2.3.1 msueQLandyy1a (modulation)

} 4

nsdsdyyrudeyaluuieasilidaiuisanseyinlalagnss udenadesiinig
=

Waguwlasdnuugvisenuaudiuissensvesdyaadeyansuy Jaunsadedyyintoya

q

wiantuludiateniandeenisia Insendendsnulniiduionars JunsunsonszuIunIs

Tunrsudasdygrudeyadinanidenisuoqannienisuandymyin nswlasdyyiad

1 [ v

¢ A v | = a a Ao a o
ﬁ!ﬂﬂi%a\‘iﬂLW@I‘quiaQNqua@mqmsﬂayjalu33EJS'VI'NVLﬂaG] HUFLANTAINNA UAUQNADILAY

Y

o
= v

wiugvestaya dniadanunsatesiudyausuniuainaieueanie

3 @IUe9l

2°
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Y v

1. dyandoua ersasiudygnandes dyagranm vsedyaudoyanieg fideans

asludauarenng

[

2. #yarannii iudanaliiianudgealddudenans dmsuiimdygadeoyaln

T o

indeunludgasudeyno

o

<a

3. 3995u09Lan (modulator) %3993 sHANFY Y10 (mixer) YIMIATIME sy 10U

Y o o v =

wiudayaadeys wWeuUasdanadeyalieglusuuuuninesns

195NN AR

Foyaynitoya ® > duLeNan

SATRTREIL !
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TBnsdehudeyamenisueganaiuisaliunasdslanatoyauvunousdonuas
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wuuAInea tneindygiadeyaluidsuilaminiwesiiladinilavasdyyamn wu
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Y19 AN wiewla nsidenituegianiviuedivladenareusensidu viiavesdygyiu
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o

WUUAIAYUOIF QI8 UTEANSAINUDITZUUNADINIT LAZANATUNIUADEQYYIUTUNIY
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'
[ =

Judu lunsdedygramileg azdeudenldisnisueganlimuizaniuleyaudasviin

Y
v

~ v ! v I3 A a a ax 1Y) o vy
wWielinsasdyaadoyailuluegnediuss @i Bnsuegandya aaiusanssiile 3
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Elaun n1sueguantBeruna (amplitude modulation, AM) N151BQLAALTIAINND
(frequency modulation, FM) LLazﬂ’]ianLam%ﬂLWa (phase modulation, PM) Toelu

Weninusatulazna1iiinisueganidauunmiiuu

Tumsuegianidewunn dyaruignuegandziiueundgaasundadlunudnuas
UREGRREIGHE wiazdauduinfudya o Imaﬁmmﬁﬂaaé@ﬁmmwwﬁ%éfﬁmqmdw
anudvesdnygadeyaning welramsondyaralulilussogmalnag dyarudeyad
answegludynueganazddnuusiiunseuadu (envelope) NMIFUULLAZENYBY

Foyey1nd AM Aauanal@nagun 2.8

o

envelope

A

AM
modulator

]

JUN 2.8 NsUBYIAALTITUIN

nMsNeuandayayrauduindunsiliouiUaiueund anvesdya N iian e uUInLee
o L4

AuausuAmaunaInvuglnvuenilvesdygnteya lnenialarauavesdy L IuNY

a

zilA1AINNABANTZUIUNITUBAR HyIuTeNATIU N IHANIZDIAUBUNTINGIAAYDY

Ty mindaunnndiauddmsuladugneneds vevvesdygradeyarslidnuwaznitu

[y

wazadlUanueundgngegavedyaunv vseoananilaidAuesndyngsanvedy g
waggni luldunudugedwasdyauteyatiues Ineniluudiueundynvedayy i
UoYanI5TLANLDUNIUOUNTIAVDIFYIUNIT INTIEMNATLBUNTIA VR 10u Ty adl

NNIFYYIUN I FUS vy ruueanrniey wagdinaliiinAIy

3.
pmid

1

& o

Aanannvesdeyaignaseanii mnmmualidyamm ve Wudyaaletiedaunis

T o

Ve = A, cosat (2.14)

d' & a o ¢
Wo  Ac AD LOUNWAYAUBIAYQYIININ

®, P9 ANUDTINVBIFYY 1NN



1adlwidiAnsaaunig

e
ee
Py
P
i)
2
=13
®©
[yt
[2)}
<
3
ca
=
Q
P
Py

Vy, = Ay, COS @)t

e A AB uaunaYRvesdyaIMteua

o, f9 ANUIBENvesdyy IMTeYa
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(2.15)

gl A > A, dsiildnanluudrieundngegnuesdyaaniiazgninunldiiugadieds

dmsudyaadoya Faunsaasurernsituiveudynuean LanRsaunis
Ve = A +Vy, =A[l+mcosa,t]

Wo Ve P9 uwsIRuUARWALIIDUA N

o

A = a 1 5es
m A8 AIITUNTTUBALRANAININY Aml Ac

e il
(R4 (H‘]Hl{{“‘”l””‘l””'l Hl‘l ll
. A‘V\ """"" ZARN Pl i

m

data signal

SUN 2.9 UoUNGYAVRIFYYIUTLAAIINNTUBYAAUUY AM

(2.16)

qun139 (2.16) a5uediedn a anlanamiwesdyaadoyagnaduaguunauninves

dyunmilainan1suegian AIULTIIENNTREUANNNTYRIFIMTHIUNTHBLEN

P

TR Vam LALABNITU Ve WUUMLAMBNNGDA Ac VI INTYIRSE

Vam = Ve COS @t

(2.17)



WA Ve 1NAUNSN (2.16) aaluluaunish (2.17) agaunsadeguaunishe i

Vam = (A +Vin )cosart

A.m

30 Vam = A, COS ot + > [2(cos aw,t)(cos w,t)]

1319 2cosACOSB = cos(A+B) + cos(A-B) azla

A.m

Vam = A, COS ot + T[cos(wct +@pt) + cos(agt — wyt) |
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(2.18)

(2.19)

aunnsf (2.19) Wuaunisuansnaudnuaizvedmain AM Usznaulusennud 3 diu leun

a
1. A3NUDUBY

]

s A a )
TUNIN @, WNLL@NW@@J@LVI’]ﬂU Ac

! o =

!
2. ANudURIdey

WINAU Acm/2

aailgaluuauy (Upper sideband) AU @, + @, NilkouNEgn

3. anudvesdaaleaiuudians (lower sideband) AW @, = @, Niueuniyn

WINAU Acm/2

anunsauanalunsmaunasuladsgud 2.10

amplitude
A
carrier
AC ¥ O T T = W=y W
lower upper
sideband sideband
AM NN, ~odbljov *
2
> frequenc
W, — Wy, W, W, + oy, g y
lg N
« >
bandwidth

5UN 2.10 awsnasuvesdyn1nueganidauuin
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¥ 7 L a 1

ANUFUTUTTENINALBUNFYAYD Iy U ToyaRATd Y Q1N N1AEQNITENTN

g7 U [ g7 U

o

as3viin1suegLan (modulation index, m) FaduAdnsdiuszninsueunagnvesdynyo

T o

PI9ED9IAIAUNTT

m=n (2.20)

= [ [ I3 F2
LLﬁ%’d']iJ’ﬁﬂL‘USULUULﬂ@iL%U@ﬂWiN@@JLafﬂlﬂ’]’]

M =ix100% (2.21)
A

e M fie  Wesiwudnisuagian

TUNISMIAINTITENITUOYANIINT Y Y IUUBAAA LTIVUINNUAR Y UULATDIL DB TUAN

a

doyeyrad anunsavirlalaen1sTnussudunusgeanuazsiuvsingnve sy udoya

aogaguudaMNIviRawandlugUn 2.11

N
‘<
—
e e
N

modulated signal

JUN 2.11 MIMAIRITIINITURYIANIINH YN 1MLBAALTIVUIN

[

anwazvesdyruniiasuwlasgusilumudyniudeya szdwmalileunignves

o/ 6 U a

fyaauegianisuvisgeanvinduieunagavesdyaamiuiniuleunagnvesdy sy

A7}

a [

Toua (A +A,) Larduaundgand1unueiigaifuusundgnuesdyyiun1naueie

U o
a

woundgnvesdydaya (A —A,) MuruInvedy g IudayaRuIzivuIamfy

Y

ASINTIYBINARANTENINANGALAL AN AAYBIN Y 1IN DALANAIAUNTT
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e Anx AB  WOUNEYAGIEAVRITIINBGLAN

Anin  AD LOUNA mﬁwqmaq”ﬁymmma@mm

a1 [ =

LATYUIAYDIF YY1 ANAUATINTIVINATINTENTNANGIAARAL ARG AVDI

dyernuenianaall

== Avax + Aviin (2.23)

INAUNTTN (2.22) waw (2.23) gannsameInssyinisuegianuazanUesiouinisiegian

Igeai
m= AYnax Amm (224)
Anax + Amn
LLay M = [A*“ax Anin }100% (2.25)
Arnax

lunisueguanauIneg1uliuss@nsniw assviinisueguanalsiiaieglude 0 fie

1 MNLaNNAIA0 Iy Ty ATiAININNIULBUNEIAVOIF Y IUN (A, > A) 5591

a1

nsueguanagiamnnndt 1 (m>1) visswesiwudnistegianilaannnil 100 (M >100) 9

danaliifinauialiguyesdyIuuentansondn1sueaaniiu (overmodulation)

dyyrudeyangnuegiantdivzliyinnaaiouludagun 2.12(n) vinlidyyraiign
Aueguanndunniisusiiiaiieuldaindndme dyaraniassyinisueguanlugig 0<m<1

vselAnUasisuinsuogan 0<M <100 Izianuae é’vagwmmauaaaaaéuué’mmmwwﬁ

= [ [

SN INFYYIVoU miﬂm 2.12(v) dygrauludnvaziazaiuisawvasnavundudygyiu
Toyaiduladny Tngafe3snsulasdyaiauwuunsadurevdagndndduidedaly us
Tuvaziliidyaradox 1A dyey e AM AzlianigdiuvesdyyIunm vsee1anandlainly
YUzl Fyayraudeyaiinnduguddyaruniindegndeanlunasaiaitliiinnisgade
Wy feudevluita qm’lumimamamLmﬁuuwhuﬂsuawﬁmwma@ szdatuilonsswil
miuag]l,am:ﬁmwhﬂu 1(m=1) mmﬂaiwummiuaaLamummmu 100 (M =100) Faffe

o

AN naAvesd 1 avayakar A VTR TN UAIIUN 2.12(R)
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I il
H””””””U il ”HH””U!”

(n)

—
L

(v

(m)

=] Y a A i
5UN 2.12 dysyiniaegianidsuunananssyidanng
(n) onssvinmsueg@niiunndl 1 (m>1)
(¥) Wonssviinsnenanila1sendng 0 uag 1 (0<m<1)
(A) tHanassviinsuenianiiAtyiniu 1 (m=1)

[ [

e AM Tneiialusniidnumei fgaunm%’aagaaaaagjmﬁaé’ﬁy@mwwﬁﬁagﬂﬁ
2.12(2) Feazidamsauldomdnuiiomndosdnmsdidyanamiooniunasnia Salad
maﬂ%’uﬂqaLLasﬁwmLmﬁﬂmidqﬁagmmlﬁaammingl,ﬁawé’amuiﬁﬁaam laevinnsdn
visardyanamvieenluuazdduifiosdyaalaiuuudnde it Tnedeniansin
mauaamm%wmmwu double sideband with suppress carrier 158 DSBSC &ty ey el
DSBSC agilunaunainnisauiuvesdyaiuniiuazdyyiadoya dledyyamviuay

doyayaudayaliAnfsaunisn (2.14) uag (2.15) audwiu wld

Vpsg = (A €os @, t)(A, cos op,t)

%30 Vpss = %[cos(a)ct + opt) + cos(at — ) | (2.26)
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a A

91na@un157 (2.26) agiiulaindeyeyras DSBSC Lifimnudvesdyqrunivisivey seiiviies

Ay 1ulaAluuaniasIniy FIAUAVULAZEIINAY @, + o, W8T o, — o, HINEIAU

o

UlARITUN 2.13 WAZKARIEN YULYDIFY Y IUBAARLUY

0 U o

AU UAUSTNAS UV

DSBSC anunsauandldssgui 2.14

amplitude
A
carrier
é
lower upper
sideband sideband
AM | e bt
2
» frequenc
C()C = a)m a)c a)c + a)m q y
[ o
P (]
bandwidth

gih‘?i 2.13 awsneiuvesdgial DSBSC

AAERAEE AR A RRR TR
LA AR

carrier signal

data signal

DSBSC modulated signal

5UN 2.14 Fyrauiliinnnisuenanuu DSBSC
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aa

Ten1suegLandy ey DSBSC auisanseyintanaieds wilduisnisasie
Foysyeu DSBSC Nnguazlasuanuieufe n1suegianiuuauga (balance modulation) &4
Usenaulumeavsuagiandyy aitauuinaesiasniinuaudiaunidiunusenis W

sosiuiuludnuaraunafiguin 2.15

Vi Vb1
—> AM modulator
A
v —
vV . Vpsg = Vp1-Vp2
¢ oscillator C-D >
A
v
“Vin -Vp2

—  AM modulator

5UN 2.15 193su8QuanlUUaNAS

v

= v o =
AU (2.18) A AaNNITVDIHYQYIN Vo1 BT Vg AT
Vpy = A Cos@t[1+mcosayt | (2.27)

Ay Vps = A Cosa,t[1-mcosa,t ] (2.28)

Foueuad vose 98 LANINNITTINAYYIN Vo1 WY Voz NIATINAYYIN W8T Vpgs = Vo, — Vo,

dlounumaunish (2.17) haz (2.18) agle
Vpgg = 2A.m(cos at)(cos o, t)
130 Voss = AM[ Cos(@;t + @) +cos(apt — wpt) | (2.29)

2.3.2 mshdaqLandy1ad (demodulation)

A IUNNAHIUAIEAITUDALAN LU UMY Y ziin1swWasunlasdnuuzes

Y
' (%
£ 4 L U d L

”zuzgmmaaﬂm%mu PIUUNYAT U zgﬁmmuaﬂLammaamwmﬂaa UQJ, wmmaﬂuamamas

o

(demodulator) iouUasliid mm%maﬂaumaghgmmuLmJLLazmaﬁszymwlﬁlﬂ’me

v Y

’le

nsvvIunsulasdyaadeyatiazgnisoniinsiveaandyyin Jee1ananlainlussuy

Y
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U-dedyayradluszuunilen azdelinansuegianiazn1saNegandyy 1 N15ANagLAN
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dygaanunsanseiilavangitauusiussinnvesdyaatenan luineridnusaduiloz

nanfaIENANegandyaaLuIauinty Iansugugnidlunisivegandaya ot
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YIALALA N1TANDAEALUUATIIUVBU waznshNegandayaIauuudilasia

Y
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AATANBGLAR

v
=
¢

2

)
2
2

v

Aoyt 1RINBN AR pindadnyounns

A

Atyrunnsdiens Atyrunnsdiens

v

SUN 2.16 n3zUIUnIsU-dedyanunieITnisuegian

2.3.2.1 NIANBNLANTYUINUUUATIATUVDU

AL

= [ [ < o 1 | =
ﬂ']iﬂll@ﬁ;]Lﬁ@ﬂﬁy/@ﬁmLLUU@iﬁﬁ]ﬁ]U‘U@UL‘U‘Uﬂ'ﬁLL‘UaQﬂﬁUﬂJ'}m AM 2819918 LUBIIN
dnulsznourereasnssduveulivisdalon dunuusyy wazdiumu [3] 3901913802993
a (% Qddyl a 6 A a o (%
Avenandyy1IsiN lalonfnames (diode detector) n1sANegLandaaIMLUUATIATY

Youismsnunielidudeu 1ANas19984399I0TITUVUATALAAIAIGUN 2.17

JUN 2.17 29935ANQLaRFTI IMLUUNTIATUTBUY

2
=

dygrueIdnnflaannisitegiand g 35 UrddnwaeNImIuvouvedy Y IuTNUIN

Y

miﬁuamLamLLUUmi’m%’UGU@U%ﬂMJJWﬁUé’@@']ﬂJN@@Lamﬁﬁé’iyiywm%a%aaaaagmﬁa
ﬁmmwmwwﬁﬁqgﬂﬁ 2.9 miﬁma@Lamqumaﬁwauﬁ%umauﬁmf dlodryayias AM g
Tusasasinduvey laleafintifiduinsdenseuawuundndy (halfwave rectifier) 929
NSFRFYYIUNIPIUAUDDN mﬁaLﬂmé’ﬁgﬁgmwé’mumﬁqgﬂﬁ 2.18(n) &pyeyreudilédiann

NATTYINTEUALAAIAIFNAT
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Vam s Vay >0
v, = (2.30)
0 y Vam <0

Tnevluuddyaamiviagianudanindyaindoyauin 3w@unsaldinsnssaiuaud

v o ¢ aal a

aUsznoulUsmedifumu R uaziiiulsey C Wedndygammindaudaweentuln

' o
(% =

widoiesdyaiudeyadngun 2.18() aziulaindymiailduiduiidiulsznouves

U L g ]

4 a

ussfulifinszuansiog Sefesdinsldddumu Co iluieidnusasulnifiinszuanss
oonly lidyradoyafigndesesninsisgui 2.18(r) lunsidenssumunasifiulseqd
1glurashveqandyyiniuunsaduzey Jedouinisdenliiefmnzauiuanuives
Fuanauideinisulandu Taenisfulmainafinisaan (time constant) s?fuﬁmmﬂmaqm
20441 R uay C lursas minArasiniananfidunnvieteniuluazdiwaliiinad1ain

AANAInYRsdy I tayangniUaInaui

o—1{> o)
Vam R Vy
o o)

@)
o—{>} o

F\\AMW\M
Vam R=—7]/2C Vr ’
o . o

@)

Co

o—{>} H—o
v R=—oC v mNN PN
AM -1 r ‘ S Y S Y AN
o . o)

¥
1Y

5UN 2.18 TunauUNISANOAaAFYLIMLUUNTIITUYBY

¥
v a

a A a = | - o =i a 1%
mmmwamwmmmﬂmiLaaﬂmmmmmmmlmmmsaﬂugﬂw 2.19 ﬁ?ll']iﬂ@ﬁ‘U']‘EJl@@fm
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= o a

dedyayradunanisdnuingnleudngrsasiiulalen Aufudsey Cazvinisiiuysey
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1 o

1% A 1 = A o ' IS Y [
w1l wazloliidyrasiulalenvsedliadygiuegnis@nay fduiulsey C asaglsey

o

Tsfusadumu R winen R wag C fantosiiuly mafuwagmeuszasintulugasm
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tuned
circuit envelope detector
_____________ 01nE +9V
| | 0.1n
—> — _LI 1uF
| | | |
: | 100kQ =
| ! § 220uF
I 47kn§ ——InF,
: | 100
| I
47nF
| I
I I
I T
1

audio amplifier
JUN 2.20 Yvashvegendyyiauuunsiauveuluaiesiuivg AM aging

2.3.2.2 mshuaguandInLuuTelasls

= a

nsAveguandya L ULTdasTavsenishivegandaaauuulagisun (coherent

A

'
L2 =)

demodulation) Wuisnsilalunisnsiadudyninuenantaeiild [4], [6-9] 189910013

R U

MTIVUR QU d@nnsouUasdygin DSBSC 19 aunsaneuaussrodyy1uninis

o
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a v v o/

a i ® v Y o v av v ~
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Y
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U a
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eed v Mignasr@ui il siniuaigesan Jenansalsenisnshvegiandayy1as

v Y

e

Ulddnveniieir 29nsaduduyyinuuunanas (product detector) Heysy1ed Veyn ALAAIIN

'
= a

n1snuvgnasludnsasnsesiumiudnunedamanvesdyyiumvinidainuigesnly

o

lvladandeyasanin I sausguand ey raiuudasdaausadrluldiudyayiu

A7) QU

o o PN
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L e 56
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i02 =0Om2 (Vin _Vx) (57)

dl = ! 1 o =
D Om2 A® m31NSEEUANLNvelaTle 0,

WAUAT Vx INEUNTST (5.6) ashuaunsh (5.7) agle



74

o2 = {—1+ggr;nr:1iji" (5.8)
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A5NA YU Va TANAIANNTT
V, = 2Vg, —Vy (5.11)
1A87 Vg HANRENNITT (5.1) AILULTIAU Va F9HATINAY

Va = Vg1 +Vsp = 2k Vylyy sin(at — ;) (5.12)

d' @ Y1 [ a1 =y o = v aa
n@unIsN (5.12) LVIUIW}’]LL?Q@‘U Va UANANTIAADANITNIINU LUBIINAILUST | NUAN

o

Waguwdadluauszeznisinfounveinu LVDT lngnidnesnty i va axgnaslus

Y
@

193395993uAanNUsEneUlUMyaaUkenl A, iiuUseq Cr uazlalan D ladyaio
@ NN IAY vy FIUULENNEINVBINTIU Vo FeTlA I URATINTE I SO NAAEER
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W Vs flB LeNNAYAVOIAYYIN Vs
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Vo = (Vs1p +Vsap ) (1+ L) (5.15)
LLazgﬂLLUaﬂLﬂuﬂigLLa i Wnenasiuasuussiudunszualiannauns [naunwan a2)
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v, = te2RRe (5.21)
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5.3 NM5AATIHEANTITOUTAITNIUVDIGDS

5.3.1 A1AURANAINAINATIIUYDINISIUABUT A s L TuNZuE

Tneldlediie

nuannsieuYessasdsudygranswudunssualagldlofiieluiiden
5.2.1 @1150%1A1ALRANAaIATUA1TEINUTD993T LA A9E 21naNn1sA (5.6) way (5.8)

ANUNIOUANNITNITONETOULTIAU Vin bUSS vy 1970
vV =(1-&4)Vin (5.22)

o & As AieuAananannisinueseesiuasudyaansudunseualagly

1o9iLe
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wazaNISARUAIUANAUS iz Tumeuwes ¢, La9vil

L] = (1“"6*){%)(%) (5.23)
Tnedi T LU (5.24)
1+g4R

a & I ' a ° N
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%50 g¢ =(1-sin 6y )x100% (5.26)
e O e duviidyauniuau ve dannshirsdunazasviney

PNNIINAFBUNITVINTUVDITTNUNAUDAILNITADIDIITE @1015070 6, LATIAILIAUS
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5.4 ANSVNAFIULAZNANITNAGDUNITYINNIUYDI29RT

o o < 1 Aaa o
MINAFBUANTIOULNIYINNUYBNINRTLUadtygy10u LVDT Wudtygyraudditiaue
Tugud 5.3 lignnageunienisne39939599neUnsaididnnselindinidelailumiy
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Cs 0.01pF
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Simple LVDT Signal Conditioner
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Abstract—A method to implement a signal conditioning circuit
for a linear variable differential transformer (LVDT) is
proposed in this article. The proposed signal conditioner can
be used instead of a synchronous demodulator in the tradition
approaches. The output signal of the signal conditioner is
linearly proportional to the moving core of the LVDT with fast
response. The realization technique is based on the use of an
analog integrator to determine the LVDT signal at the half
period of the excitation signal. The proposed signal conditioner
provides without low-pass filter in the signal path. Therefore,
the response time of the proposed technique is settled within
half period of the excitation signal. The devices used in the
proposed signal conditioner consist of basic commercially
available devices such as operational amplifier (opamp),
comparator, analog switch and one-shot timer. Experimental
results demonstrated the performance of the proposed
conditioner are included. The proposed technique is attractive
in terms of simple configuration and low cost.

Keywords-LVDT; analog integrator; signal conditioner;
sample and hold; synchronous demodulator

I.  INTRODUCTION

Inductive transducer, linear variable differential
transformer (LVDT), is one of the useful transducer for
measurement and instrumentation systems. The behavior of
the LVDT exhibits in terms of high linearity and robustness.
The application of the LVDT can be found in the literatures
[1] —[4]. The operation of the LVDT is the same principle of
the transformer. The structure of the LVDT comprises two
secondary windings connected in  series opposition.
Therefore, the output signal is the difference of two
secondary windings, which is in the form of amplitude
modulation with suppressed carrier (AMSC). The moving
core of the LVDT is provided for sensing the displacement.
Recently, a synchronous demodulator is used to extract the
core-position signal from the output signal of the LVDT [5]
— [7]. The traditional synchronous demodulator requires a
low-pass filter to remove the excitation signal. In the past,
the envelope detector comprised diode is used to achieve the
displacement signal. However, the threshold voltage of the
diode causes the large error signal in the demodulated signal
at the small amplitude of the LVDT signal. In addition, the
envelope detector also requires the low-pass filter in the
signal path. Unfortunately, the use of low-pass filter in the
signal path of both the synchronous demodulator and the
envelope detector is deteriorated the response time of the
demodulator due to the large delay time caused by the

978-1-5090-6086-3/17/831.00 ©2017 IEEE

dominant pole. Moreover, the frequency of the excitation
signal is assigned as specific frequency to match the low-
pass filter. The deviation from the specific frequency causes
the error in the core-position signal. The use of the sample-
and-hold circuit (SHC) can be prevented the error mentioned
above [8]. This is due to the behavior of the SHC that is in
the form of ‘sinc’ function. The ‘sinc’ function exhibits the
characteristic like a low-pass filter [9]. The advantage of the
use of the SHC to extract the core-position signal from the
LVDT signal is that the low-pass filter can be avoided. Many
applications using the SHC instcad of the synchronous
demodulator and the envelope detector can be found in [8],
[10] — [15]. However, the control signal of the SHC is
provided from the excitation signal that causes the error due
to the phase shift between the excitation signal and the
LVDT signal. To prevent this error, the peak-amplitude
finder is introduced to generate the control signal from the
LVDT signal [8]. The control signal is laid on the peak
amplitude position of the LVDT signal and assigned as the
narrow  pulse width to minimize the ripple on the
displacement signal. This technique avoids the phase shift
mentioned above and can be operated with wide frequency
range of the excitation signal. In this article, another circuit
technique to extract the core-position signal from the LVDT
signal using the integrator is proposed. The proposed circuit
requires the integrator to average the half cycle of the LVDT
signal. The resulting signal is linearly proportional to the
core displacement. The proposed circuit is constructed
without the specific devices. Only the commercially
available devices are required. Therefore, the economical
attraction is obtained.

II. CIRCUIT DESCRIPTION

The operation of LVDT is the same principle with
transformer and its equivalent circuit can be depicted in Fig.
1(a). The LVDT consists of a primary winding Z» and two
secondary windings Lg and Lg. The excitation signal
Ver = Vpsinwt is applied to the primary winding Lp. The
excitation signal v,, is transferred to the secondary windings
with the amplitude of the signals v, and v; depended on the
core position variated from the reference position. Two
secondary winding signals v, and v, can be stated as

Vg =kiVp Ly —Dsin(@t —g,,) (la)

and
vy = kpVp(Ly +Dsin(@l — @) (1b)



where Vp denotes the peak amplitude of the excitation signal
Vex, kr 1s a sensitivity of LVDT, /,,,; and / are the null position
of LVDT or the reference position and the core position
deviated from null position, respectively, ¢, is the phase
shift between the primary winding and the secondary
winding. The secondary windings are connected in opposite
direction. Therefore, the LVDT signal v, can be expressed
as

Vsg =V =V, =2k Vplsin(ot —p,) (2)

From (2), it can be seen that the signal vy, is the AMSC
signal. To remove the carrier signal term, a synchronous
demodulator is required. An analog multiplier and a low-pass
filter is most attention for a synchronous demodulator to
extract the core-position signal. However, the phase delay
and the error of the core position signal caused by the
dominant pole of the low-pass filter are occurred. Another
synchronous demodulators based on the SHC are introduced
[10] — [14]. However, these demodulators provide the large
ripple in the demodulated signal. This is due to that the
position of the control signal of the SHC is missed the peak-
amplitude position for the LVDT signal. Therefore, the low-
pass filter is necessary to minimize the ripple. The proposed
technique of this paper is presented to overcome the
disadvantage mentioned above. Principle of the proposed
converter is shown in Fig. 1(b). It comprises an integrator,
SHC, comparator, analog switches and one-shot timers. The
operation of the proposed technique in Fig. 1(b) can be
expanded as follows.

=
i

Vex Lp%

(@)
Vx .
7] o
one-shot one-shot
comparator timer timer
Ve MN Van MN, Va2
(b)

Figure 1. (a) Schematic diagram (b) block diagram of the proposed circuit.

The comparator is used to investigate the zero crossing of
the secondary winding signal v, to achieve the control signal
ve. The LVDT signal vy, is sampled by analog switch S, with
the control signal v, the sampling signal. The proposed
converter requires the control signal vy, for the SHC
disregarded the peak-amplitude position of the LVDT signal.
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The sampled signal v, is averaged by the integrator with the
period of 1/fe, where f., is the frequency of the excitation
signal v,,. After falling edge of the pulse signal v, the one-
shot time MN, generates the control signal vy, to control the
SHC to hold the output signal of the integrator that is the
average value of the positive voltage of the LVDT signal.

vy (vi)

Vi « =0 Qe
v V/\iv/\\/\ o
AP N,
YAV Y
‘Junddip R Sulicyy | nlui
EESANSENARLREN
!
[ ANAA 1 ],
. \4 s BN
— (i)
(b)
Figure 2. (a) Proposed circuit (b) signal waveforms.



The pulse width of the control signal v,y is assigned to
equal the acquisition time of the SHC. At falling edge of the
signal vy, the one-shot timer MN, generates the reset signal
Vi to reset the integrator for operating the next cycle of the
LVDT signal. As a result, the output signal v, is proportional
to the core position.

The circuit of the proposed technique is shown in Fig.
2(a). The sampling signal vq is obtained by the positive
voltage of the secondary winding signal v, using the
comparator 4,. The signal vc forces the analog switch S ‘on’
to transfer the voltage of the LVDT signal vy, to the
integrator formed by operational amplifier (opamp) 4,
resistor R, and capacitor C). It should be noted that the
period ‘on’ of the analog switch S, is equal to the half period
of the excitation frequency f,,. Therefore, the average signal
v, at the half period of 7., = 1/f,, can be given by

,e\'
AlepVp /
RC\@,,

2
v =- kr¥ ok ‘[sin(m&\.f)dt =—
e

®)

The SHC comprised analog switch S, capacitor C,
opamp A, resistors R, and R; samples the signal v; to the
output signal v, = v;. The control signal v, is generated by
the one-shot timer MN, at the falling edge of the signal v¢.
Logic “1” of the control signal v, is used to force switch S,
“on” for sampling the voltage signal v;. Otherwise, logic “0”
of the control signal vy, obliges switch S5 “off” for holding
the average signal vy at the half period of excitation signal. At
falling edge of the control signal vy, the control signal vyp
generated by the one-shot timer MN, forces the analog
switch S; to discharge the capacitor ('} after the SHC held
the signal v;. Thus, the output signal of the proposed
conditioner v, can be stated as

o L VK
© RG(Hy)

where Kg= (1 + R>/R5) is the voltage gain of the SHC. From
(4), it can be seen that the obtained output voltage v, is
linearly proportional to the core position of LVDT. The
operation curves (Vis, Vs, Vo, Vi, Vap, Vi and v,) of the
proposed simple LVDT signal conditioner are shown in Fig.
2(b).

(G

III. EXPERIMENTAL RESULTS

The proposed simple LVDT signal conditioner in Fig. 2(a)
is breadboarded using the commercial avaliable devices.
Active devices are comparator LM339, opamp LM351, one-
shot timer CD4528 and analog switch CD4066. Passive
devices are assigned as R; = 10kQ and C, = C, = 0.01uF.
The acquisition time of the SHC is measured as lus. The
time constant of the one-shot timers MN, and MN- are set to
lus and 10us, respectively. The excitation signal v, is set to
5kHz of 1V peak amplitude. The LVDT used for this paper
is £12.5mm stroke range and sensitivity, k7, of 69mV/mm/V
at SkHz (OP12.5G from Solartron Metrology). The LVDT
null position can be measured as /,,; = 42.319mm. The phase

760

115

shift of the LVDT is measured of about 18°. The voltage
gain K is set to 1.138 for the sensitivity of the proposed
scheme of 0.1V/mm. The resistors R, and R; are set to SkQ
and 36.2k€Q, respectively.

ﬁ> VMl i
: N
@’ e 5 Va2

( “ch2 100V M™ioops
cha 10.0V

(@

i 2.00v
Ch3 10.0V

ApTAMPESAN - ARE . TIPSO Y S e
B ooy 10.0V M 100ps
Ch3 s00mv Ch4 1.00V

(b)

Figure 3. Operationg signals of the proposed circuit (a) voltages v, ve,
van and vyp (b) voltages v.q, ve, vy and v,.
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Figure 4. (a) Voltage output (b) voltage error.

Fig. 3 shows the operating curves of the proposed
scheme. The voltages (vs, ve, Vi and vyp) and (vgg, ve, vi and
v,) are illustrated in Fig. 3(a) and 3(b), respectively. The plot
of the measured result of the output signal v, for the core
position varied from -10mm to 10mm is shown in Fig. 4(a).
It can be seen that the resulting signal v, is linear over the
entire operating range. The error from the expected value of
the resulting signal v, is measured and plotted in term of
percentage as shown in Fig. 4(b). It should be noted that the
maximum of the percentage error of about -0.23% is
observed.

i Ved ]
;
2% v'u\

. ¥ L ¥
500mv  Ch2 500mV M 400us
Figure 5. Dynamic response.

The dynamic response of the proposed scheme can be
confirmed using the simulated LVDT signal formed by an
analog multiplier with the square wave as the modulated
signal. The amplitude of the square wave is set to 0.5V
cquivalent to the core varied from -5mm to Smm. The
response curve of the proposed scheme is shown in Fig. 5. It
is evident that the response time is about 160us.

IV. CONCLUTION

Another technique to implement the LDVT signal
conditioner has been introduced in this article. The technique
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is based on the use of the integrator to average the LVDT
signal. The performance of the proposed scheme is
confirmed by the experimental results. The experimental
result shows that the percentage error of about -0.23% for the
core position varied in full range. Therefore, the core-
position signal is linearly extracted to the dc voltage with
high accuracy. The purpose of the proposed scheme is
emphasized in terms of simple configuration and low cost.
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Accurate LVDT Signal Converter

W. Petchmaneelumka, K. Songsuwankit, V. Riewruja

International Review of Electrical Engineering (LR.E.E.), Vol. 11, N. 3
May — June 2016

Abstract — A novel technique to implement a signal converter for an inductive displacement
transducer, a linear variable differential transformer (LVDT), is proposed in this paper. The
technique is based on the use of the proposed peak-amplitude finder and the zero-order sample
and hold circuit (ZSH) instead of the synchronous demodulator used in traditional approach. The
advantage of this technique is that the phase shift due to the dominant pole of the low-pass filter

used in the traditional synchronous demodulator is avoided. Therefore, the fast response time of

the proposed LVDT signal converter is achieved. The core displacement signal, which is varied in
proportion to the position of the moving core of the LVDT, is accurately extracted to direct-
current (DC) voltage signal. The reference signal used to generate the control signal for the ZSH
is directly provided by the output signal of the LVDT to prevent the phase shift caused by the
LVDT structure. Performances of the proposed technique are discussed in detail and confirmed by
the experimental demonstration using commercial devices. The purpose of the proposed technique
is emphasized in terms-of high accuracy, fast response, simple configuration and low cost.
Copyright © 2016 Praise Worthy Prize S.r.l. - All rights reserved.

Keywords: LVDT, Zero-Order Sample and Hold Circuit, Peak-Amplitude Finder, Charge

Amplifier, Signal Converter, Synchronous Demodulator

Nomenclature Vol Demodulator output signal
. vy Output voltage of opamp 4,

2 éttlenuatlor} factor E Vst Voltage signal of secondary winding Ly,
A0, Phase shift between voltage signals v, and v,
0, Position of rising edge L Introduction
f,f E;’:::;’-:Lgf ;2:2:1‘(;‘:}‘%2 Linear variable_ differential _trgnsformer (LVDT)
& Error of W e transducer plays an important role in instrumentation and
0y Phase shift between primary winding and [ arggnent WPy s advantages‘ B . LVDT

sdkondiay winding trans.d‘uc'er are ev1de1ﬂ in the terms of hlgl} llpeanty,‘
@, Phase shift between(voltage signals vs; and v sensitivity and durability [1]-[3]. Maqy apphca}lons of
o ANar fiflyency LVI?T Fransduf:er can be ftoun'd m the field ' of
fon Execitation frequéncy engineering, industries, sc1f:nt1-ﬁc fand medical
k;' Sensitivity of LVDT equipment. Most of these apphcanoqs aim to measure
1 LVDT core position deviated from null position displacement, position, level, flow, tor.ce and p eSS
La Null postgies L ¥ Bxore [ 1.]-[6.]. The LVDT structure - comprises a - primary
L Acquisition g3 winding gl)d two secondary windings Wllere the core is
T. Period of excititignfiequeficy the moving part ‘used to sense th'e d}splagement. l'he
UGB Unity gain bandwidth operation of LV_D l_‘ requires an excitation sn_gna.l applied
Vy Average voltage between voltage signal v, and ‘0 primag; .W“‘d“?g' l‘w'o secondary windings are

negative saturation voltage of Opamp 4, connected in  series 'wnh 'opposeq conﬁgurz‘mon.
Vis Positive peak amplitude of voltage signal v, rhereforc‘, the LVDT mgnal' s the c.hffcrcncc‘ of twoi
v Threshold voliage of diode D mgna_ls from seconfiary w1'nd1ngs in the form 'ot
v, Peak amplitude of excitation signal amplitude  modulation ~ with  suppressed  carrier.

Ve DC offset voltage

Viar  Negative saturation voltage of output opamp 4,
Va Input signal for peak amplitude finder

Vi Reference signal for charge amplifier

Vg LVDT signal

v, Held voltage of ZSH

Copyright © 2016 Praise Worthy Prize S.r.1. - All rights reserved

Traditional implementation of the LVDT signal converter
to extract a core displacement signal exploits an envelope
detector, formed by diode rectifier and low-pass filter [3].
However, this technique exhibits a large error on the core
displacement signal at a small magnitude of the LVDT
signal. This 1s due to the threshold voltage of diode used
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in the envelope detector. To prevent the error mentioned
above, the LVDT signal converter based on a
synchronous demodulator should have more attention.
Usually, the technique to realize a synchronous
demodulator is based on the use of analog multiplier and
low-pass filter [4], [6]-[9]. An alternative form of a
synchronous demodulator based on analog switch and
integrator is presented in [10], [11]. The configurations
of these approaches do not present the diode in signal
path. Thus, the inaccuracy caused by the threshold
voltage of diode is prevented. However, the response
time of these approaches is deteriorated because of the
large time constant caused by the dominant pole of the
low-pass filter. In addition, the low-pass filter and the
excitation signal used for these approaches are assigned
for the specific frequency. The deviation from the
specific frequency of the excitation signal will cause an
erroneous operation. It is known that the “sinc”
weighting function indicated in the transfer function of a
zero-order sample and hold circuit (ZSH) provides a
behavior like a low-pass filter [12]. The control signal of
the ZSH is provided in form of a narrow pulse signal
positioned at the peak amplitude of the LVDT signal. If
the LVDT signal is applied to the ZSH where the control
signal is set to be synchronized with the excitation signal,
then only the peak envelope of the LVDT signal is
achieved at the output of the ZSH. The merit of this
technique is that the low-pass filter is unrequired. This
principle can be found in recent approaches [13]-[18]
that provide the control signal for the ZSH directly from
the excitation signal. Unfortunately, the accuracy of these
approaches 1s disturbed by the phase shift between
primary winding and secondary winding of the LVDT
that causes the control signal for the ZSH missed the
peak position of the LVDT signal. It should be noted that
the large pulse width of the control signal of the ZSH
will cause a ripple on the resulting signal. Therefore, a
low-pass filter is required so that the response time of the
converter will be increased. In this paper, a method to
implement an accurate LVDT signal converter is
described. The proposed LVDT signal converter provides
a simple circuit configuration using commercial available
device. The realization technique is based on the use of
ZSH where the control signal of the ZSH is directly
provided by the LVDT signal using the proposed peak-
amplitude finder to prevent the phase shift between
primary winding and secondary windings. Also the pulse
width of the control signal for the ZSH is assigned to
narrow to avoid the use of a low-pass filter. Therefore,
the proposed configuration obtained shows high accuracy
and a fast response. Moreover, the proposed technique
can also be provided to replace the traditional
synchronous demodulator used in the measurement and
instrumentation systems.

II.  Circuit Description
IL1.

A simplified schematic diagram of LVDT is depicted

Principle

Copyright © 2016 Praise Worthy Prize S.r.1. - All rights reserved

341

in Fig. 1(a). The voltage signal v,, is the excitation signal
applied for the primary winding Lp, v, = Visinwt.

The secondary winding signals vs, and vg can be
simply written as:

ver =k Vi (Lun —I)sin(a)t—(p,,) (12)

and:

Vos =k Vg (L +1)sin(et -0, (1b)

where V7 is the peak amplitude of the excitation signal
Vew K 18 a sensitivity of LVDT, /,,; and / denote the null
position and the core position deviated from null
position, respectively, ¢, is a phase shift between the
primary winding and the secondary winding.

From 1(a) and 1(b), the LVDT signal v, can be stated
as:

(2)

Vg =Vgy —Vg = 2k,VE/sin(w1 —(pp)

If &,V 1s constant, then the amplitude of the LVDT
signal v; depends on the core position /. In tradition, the
synchronous demodulator using an analog multiplier is
employed to extract the core position signal as shown in
Fig. 1(b). The demodulator output signal v,; can be given
by:

Vor =k,VEl|:cos ?, +cos(2wr—(op )] 3)

From (3), the second term in the square bracket is
removed by a low-pass filter to obtain the core position
signal.

+

}o———

Vi I analog low-pass  zero and span

¥ i multiplier filter amplifier
(b)

Figs. 1. (a) Simplified diagram of LVDT,
(b) Traditional LVDT signal converter
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There are two disadvantages of the traditional LVDT
signal converter using the synchronous demodulator.

Firstly, the dominant pole caused by low-pass filter
will deteriorate the response time of the converter.
Secondly, the phase shift ¢, will cause an inaccuracy of
the core position signal.

11.2.  Proposed LVDT Signal Converter

The block diagram of the proposed LVDT signal
converter is shown in Fig. 2(a).

The proposed converter provides a simple
configuration obtaining high performance. From Fig.
2(a), the difference amplifier is used to provide the signal
v, by the LVDT signal v, and the signal vs,.

The signal v, is applied to the proposed peak
amplitude finder as the reference signal to obtain the
control signal ve for the ZSH. The voltage signal v, can
be stated as:

v, =2vg, ‘(Vsz = Vg ) =k Vgl sin (w' —(p,,) *

The signal waveforms of v, and v, are shown in curves
(1) and (i1) of Fig. 2(c), respectively.

Usually, the control signal for the ZSH can be simply
obtained by the excitation signal [6]. However, the
disadvantage of this technique is that the position of the
control signal for the ZSH depends on the magnitude and
the frequency of the excitation signal. In addition, the
large pulse width of the control signal will cause the
ripple at the resulting signal.

Therefore, the low-pass filter is required for the recent
technique to eliminate the ripple. From Fig. 2(b), the
signal v, is applied to the proposed peak amplitude finder
as a reference signal to generate the control signal for the
ZSH.

The proposed peak amplitude finder is achieved using
the behavior of a charge amplifier.

An operational amplifier (opamp) 4, and capacitors C,
and C;, form a charge amplifier where the voltage across
capacitor C, is limited by the diode D,. It should be
noted that the voltage gain of the charge amplifier is
equal to (1+Cy/Cy). The voltage 7, is an average voltage
between the voltage signal v, and the negative saturation
voltage of the output stage of opamp A, which can be
expressed as

C

r (‘2 T 1
(G +Cy)

;= v,
GRS

(Vnsal = VD ) (5)

where V,, and V), denote the positive peak amplitude of
the voltage signal v, and threshold voltage of diode D),
respectively, V. 1s the negative saturation voltage of the
output stage of opamp 4,.

The voltage signal v, exhibits a result of the voltage
signal v, limited off a negative part determined by the
voltage V; as shown in curve (ii1) of Fig. 2(c), which can
be given by:
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for v, >V,
(6

for v, <V

Opamp A, provides the output voltage v, for the
voltage signal v, greater than the limited voltage V) of
the voltage signal v,. Consequently, the output voltage v,
of opamp 4, can be written as:

,
forv, >V}

(1 +%](Va —Vl )+ Vnsar
1

o
‘P

Q)

%

nsat “Or va < V]

The output voltage v, of opamp 4, is attenuated with
the factor @, where @ = R,/ (R, + R3), adjusted by the
variable resistor R,,. Therefore, the peak-amplitude
position of the voltage signal v, can be determined by
comparing the voltage signals av, and v, using the
comparator A4>. Such comparator 4, generates the output
voltage ve to control the action of the ZSH SH, for
holding the LVDT signal v, at the position of the peak
amplitude or the quarter cycle.

The pulse width of the signal v, should be narrow to
avoid the ripple on the output signal of the ZSH by
adjusting the factor « to an appropriate value. The control
pulse ve is set to logic “17 for av, > v, otherwise “07, as
shown in curve (iv) of Fig. 2(c). For the core position in
“+” range, the control pulse v¢ forces the ZSH SH, to
hold the positive peak amplitude of the LVDT signal v,
as the held voltage v; shown in the right of curve (v) of
Fig. 2(c). For the core position in “~” range, the LVDT
signal v, and the voltage signal v, are 180° out of phase.

Therefore, the control signal vc is occurred at the
negative peak amplitude of the LVDT signal v, As a
result, the core displacement signal or the held voltage v,
is obtained by the negative envelope of the LVDT signal
v4 as shown in the left of curve (v) of Fig. 2(c). It can be
seen that the phase shift g, occurred in the LVDT signal
vy 0f (2) and the reference signal v, of (4) are the same.

Therefore, the resulting signal is unaffected by the
phase shift ¢,. It can be seen that the offset voltage is
occurred at the core position / = 0. Therefore, a zero and
span amplifier is provided for scaling and zeroing the
held voltage v, to a desired signal v, as shown in curve
(vi) of Fig. 2(c).

The circuit diagram of the proposed LVDT signal
converter is shown in Fig. 3. The proposed circuit
consists of four general-purpose opamps and a
comparator. Opamp As; forms a voltage follower forcing
the voltage signal vy, to be equal to the voltage signal v,.

Opamp A,, resistors R; and R, form a difference
amplifier and the voltage signal v, can be stated as:

o]
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Figs. 2. (a) Block diagram of proposed LVDT signal converter,
(b) Proposed peak-amplitude finder, and (¢) Operating waveforms

If the resistances R, and R, are set to equal, then the
voltage signal v, can be written as:

v, = (v, +vgy) =k Vil sin ((ol - (pp) )
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OVy

Fig. 3. Circuit of proposed LVDT signal converter

The voltage signal v, is the reference signal used to
generate the control signal v by the proposed peak-
amplitude finder formed by opamp A, comparator 4,,
diode Dy, variable resistor R,,, resistor Rs, capacitors C;
and C,. The ZSH SH, formed by analog switch SW, and
capacitor C}, 1s forced by the control signal vc to hold the
peak amplitude of the LVDT signal v,.

It should be noted that logic “1”” and “0” of the control
pulse ve will force the operating mode of the ZSH SH, to
“sample” and “hold”, respectively. Thus, the held voltage
v;, 1s proportional to the core displacement /, where the
held voltage v, is equal to 2k V. Opamp As, variable
resistor R,, resistors R; and R, form a zero and span
amplifier with high input impedance.

The held voltage v; is scaled and zeroed to the core
displacement signal v, as a desired range of operation by
a zero and span amplifier. If R, >> R,, then the output
signal v, can be approximately given by:

&
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where 0 < # < 1 is a voltage gain parameter and V,
denotes DC offset voltage used to eliminate the residual
voltage of the LVDT at null position.

111.

There are three factors disturbing the performance of
the proposed LVDT signal conditioner. The first factor is
due to the phase shift Af, of the voltage signal v, against
the voltage signal v,. This phase shift A, is caused by
the peak-amplitude finder. Usually, the transfer function
of an opamp can be approximated to first-order system
[19], [20]. Thus, the phase shift A6, can be given by:

¢, UGB
where /., and UGB are the excitation frequency and the
unity gain bandwidth of opamp, respectively.

If C, = 0.001puF, C; = 0.01uk, f,. = SkHz and UGB =
4MIlz, then the phase shift A, of about —0.78° is
observed. The phase shift A6, causes the position of the
control pulse ve shifted from the peak-amplitude position
of the LVDT signal v, at 90° to 90.78° for the core
position 1n “+” range. Also, the position of the control
pulse ve 1s shifted from —90° to —90.78° of the negative
peak amplitude of the LVDT signal v, for the core
position in “~” range. The second factor is due to the
wide pulse width of the control pulse v that forces the
7ZSH SI, to hold the LVDT signal v, after the quarter
cycle position of the LVDT signal v,.

Therefore, the held voltage of the ZSH S71; is less than
the peak amplitude of the LVDT signal v, To minimize
the mentioned above error, the pulse width of the control
pulse ve 1s assigned to meet the acquisition time 7, of the
ZSH SH, |21]. The relationship between the factor o and
the acquisition time 7,. can be expressed as:

Performance Analysis

A0, =—tan

a

(1)

Vop sin| 90°1 1=2 t"k‘
L 12)
o =
k( -N ) nsat

where & = (1 + C,/C)) denotes the voltage gain of the
charge amplifier and 7, = 1/f,.. By the experimental
implementation, the parameters in (12) can be defined as
Jex=5kHz, k=11, V; = 228V, = 292 and .5, 5
—3.52V. If the acquisition time /4, of the ZSH SH, is
measured as 1.8us, then the factor a of about 0.83 1s
observed. The factor a can be obtained by adjusting the
resistances R, and R, of the variable resistor R,,.

The position of rising edge 6, and falling edge 6, of
the control signal ve against the LVDT signal v, can be

given by:
o (kV, -
6, =sin™ SR~ Vo) -A8, (13)
(ak-1)7,
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and:

0, =180°+2A8, -9, (14)

From (13) and (14), the position of rising edge 6, and
falling edge 6 are about 90.11° and 91.45°, respectively.

The falling edge of the control pulse ve forces the
ZSH SH, to hold the LVDT signal v, at the position of 6,
= 91.45°. The percentage error & from the actual value
of the held voltage v;, caused by the position of the falling
edge 6, can be expressed as:

£ = (sinOf ~1)x100% 15)

For 6, = 9145°, the percentage error & can be
expected as —0.03%. It can be seen that the held voltage
is lower than the peak amplitude of the LVDT signal v,.

The third factor is due to the phase shilt between the
voltage signals vg; and vs,, which causes the phase lead
on the voltage signal v, against the LVDT signal v,.

Phase different A6, between the peak amplitude of the
voltage signals v, and v, can be given by:

where g, is the phase shift between the voltage signals vy,
and vg. Il the core of LVDT moves to the maximum
position / = £12.5mm, /,,; and ¢, are measured as
42.319mm and 1.617°, respectively, then the phase
different A6, 1s about 0.24°.

From (14), the position of falling edge of the control
pulse v against the LVDT signal v, is moved forward
from 6 to (6, — AG;). The percentage error &, of the held
voltage v, of the ZSH STI, due to the effect mentioned
above can be given by:

2} null

16
1] sin g, e

AG. = 90°—tan"[

&5 =[sin(0, - 26,)=1]x100% an

I£6, = 91.45° and A6, = 0.24°, then the percentage
error & of about —0.02% 1s obtained.

IV. Experimental Results

The proposed circuit in Fig. 3 was breadboarded to
demonstrate the circuit performance using commercially
available devices such as opamps LF351, comparator
LM339, signal diode 1N4148 and analog switch
CD4066. The printed circuit for the prototype of the
proposed circuit and the experimental set up are shown in
Figs. 4(a) and 4(b), respectively. The power supply
voltages were set to +5V. The excitation signal was
assigned to SkHz sinusoidal wave of 1V peak amplitude.

The passive devices used in the proposed circuit were
chosen to be R, = R, = Ry = 100kQ, Ry = IMQ, Rs =

International Review of Electrical Engineering, Vol. 11, N. 3
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2kQ, R, = R, = 5kQ, €, = 0.001pF and C, = G, =
0.01pF. The LVDT transducer used in this paper was D \
+12.5mm stroke range and sensitivity of 69mV/mm/V at

SkHz (OP12.5G from Solartron Metrology).

The voltage gain of the span and zero amplifier is set
to 1.45 for the sensitivity of the proposed circuit of
100mV/mm/V by adjusting the variable resistor R,.

The DC voltage ¥, is set to eliminate the offset
voltage of the output voltage v, at null position.

The acquisition time 7,. of the ZSH SH, of about 1.8us
was measured. From practical implementation, the
negative saturation voltage V,,, of opamp A; and the
phase shift ¢, were measured as —3.52V and 1.617°,
respectively. The peak amplitude of the voltage signal v,
was measured as 2.92V and used to calculate the LVDT . . i 1
null position from (4) as /,,; = 42.319mm. Signal Gl _ZUhi _Ch2_ 1.00V__M_100us
waveforms of the proposed LVDT signal converter are S
shown in Fig. 5. It can be seen that the phase shift
between the voltage signals v,, and v, is about 18°.

To observe the linearity of the proposed circuit, the
signal of the amplitude modulation with suppressed
carrier, where the carrier or the excitation signal was set
to sinusoidal wave of 5kHz with peak amplitude 1V and
the modulation signal of sawtooth wave with amplitude
swept from —0.69V to 0.69V, was used instead of the
LVDT signal varied from —10mm to 10mm.

)

Fig. 5. Signal waveforms of v, vy, v,, and v,

Ch1 _5.00V__ Ch2 10.0V__ M 200ps
Ch3_1.00V 1.00V

(a)

- _errorvoltage

Ch1_500mv 1.00mV__M4.00ms
(b)

Figs. 6. (a) Signal waveforms of v, ve, v, and v,

Figs. 4. (a) Prototype of proposed circuit, (b) Experimental set up (b) Output signal v, and its eror voltage
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Fig. 6(a) shows the waveforms of the held signal v,
the voltage signal v,, the control pulse v¢ and the LVDT
signal v, for the modulation signal of 450Hz sawtooth
wave. The output signal v, and its error voltage are
shown in Fig. 6(b) for the modulation signal of 25Hz
sawtooth wave.

: AVAVAVAVAVAVAVAVAVAY
LA

LLLLLLLLLL

G TAVAVAVAVASe2vATAVAY
v

Fig. 7. Dynamic response

Output voltage (V)

04

(%)

error voltage (mV)

-0.2

vee

04 ) s i : L
-10 -5 0 5
I(mm)

(b)

Fig. 8. Measured results: (a) Transfer characteristics,
(b) Error voltages of v; and v,
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The worst-case error of about —0.25mV at the output
signal v, equal to =1V, corresponded to the core position
at —10mm, is observed. The step response of the held
voltage v, for the modulation signal of 10Hz square wave
with peak amplitude 0.345V, corresponded to the core
position stepped from —Smm to Smm, is shown in Fig. 7.
From Fig. 7, the response time of the held signal v, is
settled within quarter cycle of the reference signal v,.
Fig. 8(a) shows plot of DC transfer characteristic of the
output signals v, and v, versus the core position / varied
in full range £12.5mm.

From Fig. 8(a), the sensitivity of the proposed circuit
can be measured as  68.88mV/mm/V  and
100.02mV/mm/V  for the output signals v, and v,,
respectively. The error of the output signals v, and v,
from expected value are shown in Fig 8(b). It can be seen
that the worst-case errors of the output voltages v, and v,
for the core position / at —12.5mm are about —0.22mV
and —0.28mV, respectively. It is evident that the
proposed LVDT signal converter exhibits a superior
performance for instrumentation and measurement
systems.

V. Conclusion

A high performance LVDT signal converter has been
described in this paper. The realization method 1s based
on the use of the proposed peak-amplitude finder to
provide the control signal for the ZSH to extract the core
displacement signal. The performances of the proposed
LVDT signal converter were discussed in detail and
confirmed by experimental implementation.

The results indicate that the proposed scheme obtains
high accuracy and a fast response.
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ABSTRACT

A simple technique to produce a linear signal from a displacement
transducer, linear variable differential transformer (LVDT), is
introduced in this paper. The two-quadrant divider is used to
precede the ratio of a different and sum of the two winding signals
from the LVDT instead of a four-quadrant divider of a recent
approach. The two- quadrant divider is obtained by an operational
transcondutance amplifier (OTA) in the form of a voltage-to-
current converter. The signal from the divider is held by the
sample and hold cireunit (SHC) controlled by the peak-amplitude
finder. As a result, the held signal is achieved without using a
low-pass filter. The temperature effect of both OTA and LVDT
are compensated. The merit of the proposed technique is that the
circuit requires without the low-pass filter. Therefore, the fast
response is obtained. The performance of the proposed scheme is
confirmed by the experimental results using commercial devices.

CCS Concepts

« Information systems—Mobile information processing
systems * Hardware—Sensors and actuators.

Keywords
LVDT; Sample and hold circuit; Operational transcondutance
amplifier; Demodulation; Peak-amplitude finder.

1. INTRODUCTION

LVDT is one of an importance transducer used in instrumentation
and measurement systems. This is due to that the behavior of
LVDT provides high linearity and durability [1] - [4]. Many
applications can be found in the measuring of displacement,
position, level, flow and pressure [1] —[7]. The structure of LVDT
consists of a primary winding and two secondary windings with
opposite series connection. The ferromagnetic core concealed
inside of LVDT is the moving part used to detect the displacement.
When the excitation signal is applied to the primary winding of
the LVDT, the output signal is the difference of two signals from
secondary windings. Therefore, the output signal of LVDT is in
the form of amplitude modulation with suppressed carrier.

The technique to achieve the displacement signal from LVDT is
based on the use of an envelope demodulator [3]. The traditional
envelope demodulator formed by diode rectifier and low-pass
filter causes large error signal on the amplitude of the
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demodulated signal. This is due to the threshold voltage of diode.

To minimize this error, the synchronous demodulator provided by
an analog multiplier and low-pass filter is introduced [3], [5] — [9].

Usually, the envelope demodulator and synchronous demodulator
require a low-pass filter to remove a high frequency component.
The low-pass filter will provide the time delay caused by its
dominant pole that reduces the response time of the demodulator.
Alternatively, the approach based on the use of analog switch and
integrator is presented [10] —~ [11]. These approaches require
without diode in signal path. Therefore, the error signal due to the
threshold voltage of diode is avoided. Unfortunately, the time
response of these approaches is deteriorated by the dominant pole
of low-pass filter. In addition, the low-pass filter used for the
approaches mentioned above is designed for specific frequency.
Therefore, the variation of the excitation frequency will cause an
inaccuracy on the demodulated signal. Recently, the use of a SHC
instead of low-pass filter in the demodulator is most attention [11]
~ [16]. The transfer function of the SHC provides a “sinc”
weighting function that indicates a behavior like a low-pass filter
[17). The control signal for the SHC should be assigned to the
position of the peak amplitude of the LVDT signal [1]. The
advantage of this technique is shown that the demodulator
provides a fast response time. However, the control signal for the
SHC of these approaches is provided directly from the excitation
signal. Practically, the phase shift between the primary winding
and secondary windings causes the position of the control signal
of the SHC missed the peak amplitude of the LVDT signal that an
offset voltage on the demodulated signal is occurred. This offset
voltage will reduce the resolution of the demodulator at low level
of the LVDT signal. Also, the large pulse width of the control
signal for the SHC of these approaches is produced a ripple on the
demodulated signal. To minimize the ripple, the pulse width of the
control signal for the SHC should be narrowed [1].

In this paper, simple circuit technique to realize the LVDT signal
to DC voltage converter is introduced. The technique is based on
the ratio of sum and difference of the signals from two secondary
windings [2]. The proposed scheme comprises operational
amplifier (opamp) and operational transconductance amplifier
(OTA) as active cireuit building block. The sum of two secondary
windings signal is provided for the reference signal to generate the
control signal for the SHC. The control signal for the SHC is
obtained by the peak-amplitude finder proposed in the literature
[1]. The performance of the proposed scheme is exhibited from
the experimentally implementation using commercial available
devices. In addition, the temperature effect of the LVDT and OTA
are compensated.

2. CIRCUIT DESCRIPTION

The principle of the LVDT can be explained as the same with
transformer and a simplified schematic is shown in Figure 1(a). If
the excitation signal v,, = Visinwt is applied to the primary



winding, the secondary winding signals vs; and vs, can be written
as

v = k\Vy Ly —DIsin( ot — g )] (la)

and sz = kiVy Ly + DIsim( o1 = ps)] (1b)
where 7, is the peak amplitude of the excitation signal v,., k; is
the sensitivity of LVDT, /,,; and / are the null position and the
core position of the LVDT, respectively, ¢s is the phase shift
between the primary winding and the secondary windings. The
LVDT signal v; or the difference of two secondary winding
signals can be stated as
Va =Vsy —Vs1 = 2k VI sin( ot = ps) @)

The parameters k; and V, are constant. Then the amplitude of the
LVDT signal v, is directly proportional to the core position /. The
principle of the traditional approaches to extract the core position
signal is shown in Figure 1(b). The demodulated signal v,; can be
expressed as

Voq =k V. l[cos pg +cos(2at — )] 3)
It can be seen that the second term in the square bracket contains
the double of the excitation frequency. The high frequency
component of Eq. (3) will be removed by the low-pass filter. The
phase shift ¢g and the double frequency term in Eq. (3) will
deteriorate the performance of the demodulator.

&l

(a)

(b)

Figure 1. (a) schematic diagram (b) traditional demodulator

The block diagram of the proposed LVDT signal to DC converter
is shown in Figure 2(a). The summing amplifier is provided the
signal v; = (vg) + vsp) from the LVDT signal v;and the signal 2vs,.
The signal v is transferred to the peak detector to capture the
positive amplitude as the signal v,. The signal v, is used as the
denominator for the divider. Also the signal v, forced the peak-
amplitude finder to generate the control signal v for the SHC at
the peak-amplitude position of the signal v. If the secondary
winding signals is disturbed by the variation of the ambient
temperature, then the signals v;and v, can be stated as

vy =gy =ve )+ aAl) (4a)

and V= Ws1p + Vs X+ @A) (4b)
where a and At denote the temperature coefficient of the LVDT
and the change of ambient temperature, respectively, vg,, and v,
are the peak amplitude of the signals vg; and vg,, respectively. To
consider only the positive peak amplitude of the signal v,, the
resulting signal v, can be given by

_ Kvsy —ve1) =£l

V4
(vSlp+vSZp) lmtll

()

194

128

where K is the voltage gain of the divider. It can be seen that the
output signal v; of the divider is obtained without temperature
effect. The signal v, is sampled and held at the peak amplitude by
the SHC with the control signal v¢. Therefore, the output of the
SHC is dependent on the peak amplitude of the signal v; or the
core position /. The operating curve of the block diagram in
Figure 2(a) is shown in Figure 2(b).

The proposed circuit is depicted in Figure 2(c). Opamp A,
resistors R, and R, form the summing amplifier to produce the
signal v; = (vg + vsy). The signal v, is captured the peak amplitude
and converted to the current signal /; by opamps 4, and A4;, diode
D,, capacitor C) and resistors R; — R;. The current signal #; can be
written as

il = 2klZ\"null (] +(1Af) (6)
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Figure 2. (a) block diagram of the proposed circuit (b) signal waveforms (c) proposed circuit

The divider for this paper is constructed by OTAs and resistors Rg
and Ry [18]. The relationship of the voltage signal v, and the
LVDT signal v, can be given by

=2t @)
Rgiy
From Eq. (2), (4) and (6), the signal v, can be written as
R
"4=M1=Kal )
Rslnull

The core position signal v, is provided for the SHC formed by
opamps As and Ag and capacitor C,. The control signal v is
generated by the peak-amplitude finder [1]. The control signal v
controls the SHC to hold the signal v, corresponded to the peak
position of the reference signal v,. Therefore, the output signal of
the SHC v, = v, is proportional to the core position / with the
voltage gain K.

3. EXPERIMENTAL RESULT

The performance of the proposed circuit in Figure 2(c) is
confirmed by an experimental implementation. The proposed
circuit in Figure (2¢) was constructed using commercial devices
such as opamp LF353, OTA CA3280, signal diode 1N4148, and
analog switch CD4066. The power supply voltages and OTA bias
current /, were set to £5V and 100pA, respectively. The excitation
signal was assigned as 5kHz sinusoidal wave of 2Vpp. The passive
components were chosen as R} = R, = R; =Rg = Ry = 10kQ, R; =
Ry=Rs=R;=100kQ, C,= C,=C3=0.1pF and C; = 0.01puF. The
LVDT used in this paper was #+12.5mm stroke range with
sensitivity 69mV/mm/V (OP12.5G from Solartron Metrology).

195

Figure 3. span and zero amplifier

Practically, the span and zero amplifier of Figure 3 is included to
calibrate the output signal v, to the describe range [1], where R =
Ry = 20kQ and R, = 1kQ.The residue voltage for the core
position / = 0 can be eliminated by the appropriate value of the dc
voltage V,. The voltage v, of 2Vpp 1s measured at the LVDT core
position / = Omm. Thus the null position of the LVDT 1/, is
calculated as 42.39mm from the measured voltage v; and Eqgs.
(la) and 1(b). Also, the parameter K, of Eq. (8) is determined as
23.4mV/mm. The gain of the span and zero amplifier is set to 4.27
by adjusting the variable resistor R, for the describe range +1V at
the LVDT core £10mm. The operating signals of the proposed
circuit are shown in Figure (4). Figure (5a) shows the output
signal v, for the LVDT core varied form -10mm to 10mm. The
voltage error of the output signal v, is shown in Figure (5b). Also,
the output signal v,; and its error of the span and zero amplifier in
Figure 3 are shown in Figures 5(a) and 5(b), respectively. It can
be seen that the proposed LVDT signal to DC converter provides
the best performance for measurement and instrumentation
systems.
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Figure 5. (a) voltage output (b) voltage error of v, and v,

4. CONCLUSION

The LVDT signal to DC converter has been presented in this
paper. The technique utilizes a peak-amplitude finder to generate
the control signal for the SHC to extract the core position signal.
Therefore, the proposed converter requires without a low-pass
filter. The performance of the proposed converter is confirmed by
the experimental implementation. The results of the proposed
converter exhibit that its behavior contains fast response, high
accuracy and low cost.
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