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Abstract

The thesis describes the design, development and the experimental
results of mutual inductance speed transducer for Phase-locked loop DC motor
speed control system. This mutual inductance speed transducer uses air-core
transformer connected to be tunned collector oscillator circuit and with
toothed aluminium disc joined with thé shaft of motor which rotates through .
the air-gap between two coil of airscore transformer. The effect of eddy
current in aluminium disc causes an amplitude modulation at the output of
oscillator when passed through detector circuit and filter, giving a pulse
signal whose frequency is proportional to the mbtor speed. This speed
transducer can easily built by using the ordinary substances with low cost
and less effect of the environment. The experimental results show the good
dccuracy as well as sensitivity. Consequently, it can be u§ed as digital

tachometor in phase-locked loop DC motor speed control as shown in the

experimantal results.



=
unfl_1
. . L3
unut

(Introduction) .
!

Y

. : L P » o
luTasiiuszuuasvaudulngnloluvrugasannssy Tnes uluszupusudSass Fedl
- -~ L4 . P - o : - . .
fdnaaslansuadaires idugudhdgluszuunnsda wazaluaualuLsuuu@ines eV LTl
< . <« M -~ o« - -~
szuuAluauA1Y L Iswe Laasuun tdadeagl exdidusevnisanaiuLsa thodsunduundy
Py - * - -t e - ‘ »
Sumnuavszuy udSaesslansiusfaigas (wiaiTunanddasanilaliiaes) Tasnaslnaqu

#J s - < HI as « s ﬁn
wxﬂuﬁhﬂaunuaaﬁuLsamauuaunas aunauuﬁaaﬂnuﬁﬂgﬁmﬂaﬁu aUNN

- - < [, T - * N
fSaoandansudd-trasinauiifin iau Ae lufinns i FauTewntvnasznanwmsnu-
- o -t -r [ 'u v ar . N ¢
AR LTS NS0A7 LTULgaINUULALYaNUDLADS %ﬂﬂﬂﬂﬁlﬁIuLﬂunﬂﬁtﬂnﬂﬂﬁﬂnﬂﬂauaLﬂaﬁﬂuﬁm
o« : [ 3 Py - < o . . P} ’
tan aquﬂmauuﬁwugﬁuﬂavwamaaﬂﬂamsquﬁaqLﬁasqnqznqnuﬂﬁv A%y tizeasy (accuracy)
. - 3 . L 3 . -t .
a2wafiss (linearity) ovnnswhviu (dynamic range) @3uszidun (resolution)
- o LA R
wazalutitvavnsaausuavlunisin (speed of response) aasulid inandssulngiiuey
- - * & ‘ar o - - . N P
AU29ISY LASISUATHUDAUINAIIWSUUBYAVAINTIUFAQLFBS A81IRD (1) @a31uLSvavHAnsY
-~ 3 F "o ¢ Ny N . .
suovlussuunisianiuisasay Jusgfurlvilsinissnuan (gating time) wavw decade
. . . " - . « o
counter (2) 7IvANaNIvIN NIATIVAUTIVITANITIAAINUY LIITIUPIEA ABAINU LIIAHA
— |« . v X .~ e - - o
aumqvqmmavﬂaﬁuL:ﬁﬁﬁﬁuﬁsnamlﬂ ausgiiushulundnyevaasinsdugugnuae counter
« e « e mva  t. s C
ﬁqunﬁaﬂnnﬂqnmaunaﬁuL:qﬁaquﬁanmlnmuagnuﬂavtaaﬂnﬂsuumav counter (3) a31u
J . - -t - - . M - .J .v -~ * s
tisvasnazalu dud tiiss azfadunus lusuysa nanfionsan Inliuagiunsusiz tres o
N el >~ P o X S an - . .
2P v LAEa unneduualnlny tiyvasvivinagiy A2l uazifenuevtian (time resolution)

. - ¢« v . PR [ |
aay counter LTu A’ uszidsauavilaiinn o.o1i wasiTuar w4 LtRgeaee innfiunile

. 4 . Y o » . o an - 3 6 ’ )
waulu 10 dauLafizsnnusvilanaivdvasvey lushdusagnilesuaa 10 (parts per

million)



aran a -~ P g 4 . P
auduidsdguavidneasilaniiuadz i gas Fotung lasasviudnsuadizioes la
un a2wla (sensitivity) wazelnuazidsavavravinvluwwusu (spatial resolution)
- o= ¢ - > - ) . * b - g 2
ﬂﬁﬁﬂlﬁﬂﬁﬂ“ﬁﬁuﬁﬂqlﬁ33NQﬁﬁmﬁ1ﬂQﬁﬂ ﬁuﬂ“ﬂ:Iﬂ?ﬂqﬁﬂ“ﬁ“ﬂaﬂaﬁaﬂ"sﬁuﬂﬂﬁlﬁﬂ1 <SAUNN

1.
s - : > - ¢ . . I -
AINURE l5ﬂﬂﬂqﬂﬂa\11’1\11utlﬂuﬂ'luﬂ’lﬂ‘lﬂ‘i”lua'ﬂ'.\ LTBTTUANIY 1 muuu'l'nujunqaaaa‘ﬂnwnuﬂﬂ'z—

T ]
toas Tdeil
- ¥ - o
. 1. sav@hsansuafiaigas
. _ .
2. au3fNnsusAaLtTas
- - - -~ . Y- - : *
3. fudai nIavuafinns1uaii2LTas

- L L] . - . L] s -~ "‘ a
nIuFEAI LTasuaazTdadvnaiafaatulanneiin detsaeziiensenladvil

) - - < » N L < - <
aaﬂmaaan1ﬁuﬁﬂ1LzasdsznﬂunﬁuunaunﬂLuﬂuau'qﬂnsmaaﬂmaaa;%utﬁas uasz
. o . I ’ " . - X . = ’
waueui L9z idugfafuinuuavus tnas nqunwuavnﬁ1ﬁinﬁ@mﬁmwaﬁnLaﬁwunﬂavneﬁuﬁnatﬂa1
) - 3 z A A : PR
Fotn@fuueanunn UANAINUUTYPYNU LBINHNANNATITHATUNIUY  LUBIIINAITNUUITE NTBUNI
. ’ [y - . -~
PDIURUIU LAY ] 1 naa1na21ululaguana e av UANIWATUALADY INRIMYU  URSTI NG
5 - ' . - Y Py * . - ) o g
wsvdus: (faunagunus i n3aE1 INANISTUES LtRaUYaIUNAINT LUA LY avaznlnaunanav
- = X . A o T a - hd
Hoygna o nnanay  ua tinalquie tiisunavgdsie ( vdugnaduiagmeudunanegn) Jiasazn
> - = 3o : -2 PO v - ’ -
Tas aanfifraans A2 Loas Nl [ASYTINNILAINNIEY 9 Aoinatruualazdadtulaan uazd
. - - . . . : .
- qesau tdavannarululaguenanvravurulmudbuaua tna mMyu usvAu tisunavunuaunds
N .« o -l . . . ) ¥ -
unsavnn tidnuay 79 ulufgmmnv i Bena (mechanical vibration problems) nhlnifianns
* v = L} o) - 1 = X . »
SUNIUABFYYNA LD IMHNYBINS TUTA LTS nilnfauqasaay uaz ifingUs1vin ey vhalnlanay

o - . . v & - & » - -
'l_’lﬂ'l n13 lNUﬂ’)"lﬂl'Jﬁ’lﬂ’]‘!ﬂﬂﬁ:"ﬁlﬁﬂ’l!.l l"ﬂuﬂﬂugﬂ_ %\‘lﬁﬂ\‘lﬂ”l‘iﬂ’)"lﬂﬂ"’lu'lqm l.ﬂ_’!:?Vl!!\‘l!l'lﬂ uas

fisnaquw

- Tae ¥ - - b P ) Y-
At FENnswEan LrasHve t¥efadl Lanvnnaufiuaugge Tednnan tiantsInan

¢ - - gl < s 4 o
(loading) naﬁ@mﬁmxaﬁnqnmavn1ﬁuﬂn1Lﬁa%lmvﬁu fdufa adula (sensitivity)

- ‘< L . . Yo ‘.
VBN UER LTBTLa28Y HananiURazay stray coupling whilnifieadgygrasuniu . {noise)

«



. . . . - -, - . v
agqvunaedggnmiawgm nanluinasfan (shield) devAusgqvdine ufuralnazulazes

Signal/no-signal ANaN

P - - Py ¢ - - ' (3 4

fuaaan (Wa-9wn) nSIUTA? LTasS finnwlafuanuls luaruaa1u 52 9ouasvun LaeS
* P ) - Yom o o Yes .
auﬂulsnaﬁuaumnnﬂnsﬁuaﬂaLﬁasnunﬂauaﬁntwaﬁmauuaLnasnaLﬂuTﬁannﬁunananﬁanumau

L4
UD LADSG

- r J 'd N > L} » e -3 - " ‘.
#SnpanTuEA1 LTasnnatauuan9s tulantaarfinsans i trasialtulaan
e q” a . y L : -
S in ifinfamnqasunau  (interference) idavannnianyudisuniwniansduds tiause
. > - PO S S S o
wnuaulavay A @ns wada tresdastulansusvah Ltouduy waziifagmnLheady stray
. ) ) e - ‘v o o » v . P ) - v
coupling Hunln ifieaaqufiawann (error) lonsdadulavas saududadnnsuddiiges
- -t Ny N < [ - ar * - - ‘¢
faaulad uanivama uduTnsanvnananismuaavus thasuuna Lanaulsdenata Snefinus
s - - - - - LA ) > e ‘
aruff LAueASnoasdans @ tres woiimsdudauaug Tvez Inqaruifastalage uazla
e - - v X - e«
n1s Inaanvnananismuravus LABSIUAA AN TNFuNTounTgNaRUg WBaINSEAD LTS
- - ' » ~ & - o e v v - ‘o - -
aliane q Ananautusala uaneaniu Srmrafudauauansusia crasdellqudnmusi ulu

sz Tomidvwidde

. Ld -~ < . - » .
1) Teasvasvnaunsueda tres ulusuueas q dnuawdavunuannie uazunu
PR T A0 B S ) 2
nﬁuaqutuquwuanumsLﬂuﬁtﬂav grursnasviulaarsdgainilana luaeluds: inauazsiaagn

- e * ar oy »~ * 3

2) wutanssRRsauazutngn LR nuAREANAzuRnaaulad (gamadl, useRuE tiau)

[P . - K - . .
3)  lafinas (FeuTewmiunaszna19@ansueas LTaSUR SUNUNYUTB YYD LADS

» 1 L 4 [ 4 . . -
a) lgvesyiasizviwwuens q luasvieuunavnhidnta-Fanansuen

L4 - L4 - I .

5) ﬁqmﬁmtaﬁnqnmavn1ﬂuﬂﬂ1Lﬁa1LﬂuuauﬂanTuq;aﬁbasmaniunjsﬁvaan

aanagmiun1sdnasqutsrsanluszaznvlne

- . »
6) unldlrluszvusluquartuidlvavifus trasuuy ildsaagila



- ’j =4 P o - ¢ o * o oo
AT 1.1 L Uﬂ"’ﬁﬂ'ﬁ.ﬂ 1S ey LA E!Uﬁ‘ilﬂaaﬂ'ﬂﬂw‘i”mﬂﬁ‘l lﬂa’mﬂﬁ‘l\! M NUAAVRDH
- 4 -~ o e LA « v - g - -~ ¥y
alanIUuEA lﬂﬁﬁltﬂﬂu':l'ﬂ‘)ﬂﬂﬂﬂﬂttﬂﬂ‘nf %\!Q= L“u‘lﬂqﬁl“‘sﬁluﬁﬂq L!Ii!‘itmuu'l’n"lﬂﬁﬂﬂﬂumum’u

ausuiRvavaulaIge



(xz90onpsueiy
paadg
cBubures : aaT3ToRdR))
n/ﬁ_.wmm:.ma._._m—dm\.uﬂﬂ neoLuzng A..EE T Qmmv \Fﬂhr._ [ 1773 ¢ 109 423
Buge LU BRLUBEE LsLMp eBLUL Y, ® mlm> s 1 000‘T vaBMYELALYL
oMNRLBLESBNNRT
sm.xcwwswmemﬁw (Toonpsuexy,
ﬁmrrcomczWJr@ ) poads
nENNERNEYY I8 ucLEBER Teo13d0)
;%rrrnasvrac cepvleprenzen (rusg mmmv‘ resieygpsnien
anBuirieLu | cRusgizenies uL ey mlm> v'o ooz vasegUUNEE
Do (uot3eaado
, . aanjexsd
(ebezueapesiq) (9beaueapy) (uoTanTOS|Y) (43TAT3TSUSS) w33 xeyW) uk (adAq)
REI 8L ven YRE TERLLL erces cBnLoguplunts nn

ANYNBYHEELEALEMMINLEE] CUBNLLUBSBELELIY L CLBBARLEE) CYBNLLUBBERUEYRARYI TREAIALBLLU  T°T UoLely
» - » [ Ld

P " g ek



pnnzeresitysnLLuspsBeLsULIEML | RELT
» ~ -

buinLru

(xoonpsuexy,
paads
ftesuven . sourjonpul
SLLUBOEEMUILY Ten3ny)
veeLuBY snwavnuzen oley [ JremeunnLey
: (-unt ¢ deb)
supgeLBUBRRELYE ntLeuwp ‘uliLule BORLILLT
4 L
. d-d
uLsuBUIRNTTLIYS L mueeiugenm ® A= osz vsngeemen
L]
(x90npsuea]
resveLnILLEN poads
uez1 fERAUzLUBY 2AT3ONpPUI)
Ll
. . o (cuu ¢ deb)
8]y 0z uvuLe sunuzenndue LEEILYsHLEU
. rd

_ d-d
. AAzeoengriey tLuBuL | LEUE 7] A s'o oez v MBLB NG

1

i

Do (uot3zeaado
aanjexad
(ebeaueapestq) (ebeaueapy) (uoT3nTosaYy) {(LITATITSUSS) -we3 XeR) wvh (ed&3)
Bglen yenr UBEI zERLLY tynLey aBrLoLurunt ann

nawv Tt W9ﬁrrc




- - - * -» t 4 J » .
wasluSnerdnust lauenmineildafuas duun 4 dod

)
unn

)
unn

-
unn

1.

'l Ly - v - -~ < :
an 53 = . 4.
aMTAATUId LtATavTanl N LSIsauunuAdfas nasANNILR WA LAS DY SR
a2y tSTanunufiirisdudausur (el oluss 3 7 1
tie Lo luszuueunueau 15298 eidtue Lany
uns iNTaoagn wIaunvaIeEgU LT ey L Ruy
lanaafe daauUssavauazadu aluya
» . - -~ M - 4 - - ’ - -
lana 1 fudiSaeanilanIuaai 1ras AU s USRS LTaT ansuzuovssuufifaan-
_— 4 N 3 ’ A —y L) - *
nalafiines n3T s znnaFRUTAN RN LT AINIUEAD LTS
KN - - -~ -
lanatfungel ndnnqsoonuuy 37082 tTUnuD9Iv9T UASHANIINAGD VDY
- - ‘- P T XY o
fSnaaadanTsugdii tres unuitmiadudnuaurinenun lusuSed
L]
» . - - , b -
lanaqafivszuunisniuauadu tilsevatiys trasuuu tigdoagl,, n1sReIswn

2BNUULADITISUY, SFOIHARS 1D HAUDIINATUASHANITNAD DY

- L4
tuumsgduasSeqsua



-l
w2

ar L4
AanlssaEvanasalny l.‘lj‘ull'!

(Objective and Background)

- [ alas - - - ¢ s
n195an3u LSsaufdasnu tisease lugdanwauciSana (digital speed
Tnezlasuaanufionlal 1 ~ wazlutadouilon
transducers) fnazlasvalquiisylgluszynaluqu luviugaginssy uas lutaSaviianiv 9
ar - * L3
FInSunsiauasnisaluauSIUy LU szuuAlvAUAIIY LS9 ABuD LAssuuy Nddaagd wa-
o ar 3 N P - : » - - ’
M L Sawavaanunsrsudnalnu tSasaulusldinsasideeadunnaz loeavfineansusiz Loas
 J -~ L4 o e 3 o r 3
AU BRHNSuTA2 LTas wazdudafininsusiaiTes eodiinaasdansus@almes [1-3] dwnanw
: ol ~ > v e e - .
Tduny nuuuNIY 9 foupuiitdutBeteu (aevldinafdaniauruigites) luznes uiuuoy
0 - P I s ” o ; o
la asuffuas tfsuuaznis infaufindgquanatvazniinifindguqasivuan (a3 utfizvasauas
- e . . . - e e
nrulaeziasav) nIaluneeveglusniazuqnaeui temnia lundnesiisnatuny and3innsu
-~ L4 » - L4 - L4 L4 - >
sAqtmes [4,5] JwsiReilaveannianunnfuiiauags wazaazaed tassat 1 ddduaniinuruy
. s . - o ) ' e . > *
(stray capacitive admittance) 229F LA LASALATTIBADALUNSIIUA  ATLHAUDIT LASH
voe, oz o R v o «

A BuaurdntEv uazdidnlasad tafialandndfy mﬁluLnnﬁmmﬁmsunquﬁtaﬂmumnavwsﬂu-
- g P - D g prpe N N ’ .
FA21gas (AU LsuasvuazA3 U 139 ta2av) FvahiiduaaliiEnsBaand uanqsfaanszny
g . ) ) » - < hed & - e e - o
lasnahuinuasfonh Innsua@a tres idu L Berausniiu Budafiinsuafiqiaas (fadn) in
- a - lul ’ . '.’I. N [
AzfvganangSuUNUUU LR Junu Fuez dulnaniBunanaus trasnhdval uazeteidulouiae
» - & - - ; -

naldeuluprensd  usnerndiuasrulanewnsuadizigesuontl sxwlsldarualquiSaTsy

- - . g . « 4w o, S e )
YANUD LABT INNNIIUTA 2 L TaTHanaglannal1uItnas Q:LﬂulnaﬂuﬂQWﬂLnuanUﬂdﬂu11 waz

o ¥ - N -
ﬂﬂlﬂtnﬂlﬂaﬂlaﬁnﬂﬁaﬂq1ﬂquﬂﬂﬁualﬂa1

- & - - - - - - L oes o - ) - -

FutiuSnenfinust la isua3dnsianiqutSasey lufUdnsus@Saesuvniizoiadu-
- "J- ° . . . L d - - d
sauaunidasqulage uazlufidgunifinlnastBenaaani1snyuuavuatiaas nIuEA3 LTasULY

» v - - e -t éaﬂ - Y
sznaua ﬂ"uﬂu’]a\:uﬂua’ln'\ﬂﬂa\:%ﬂﬂaﬂ 1an LADSaaNdLa LABDT URSUURUINU l'lju uLuy L nes

[ . L] A . L » ° . - . - . - "
aq'lu'n‘a\:'n\m Lﬂﬂﬂ’\ﬂ’\ﬁ1:“1’1\‘lﬂi)ﬂ!l"l\‘lﬂ'ﬁ\ii!ﬁ\j“llﬁllﬂﬁ\i LHUSIUANNANIAN DL NULAURNUD AN



L4 . A L 4 . . »

yoiaas Fedifavyavuruaiuas tAdau Lanuazaana ngavIn il uluainausvmiaulasunu-
-~ » - . v ar <

aqnner fdenalnladomnauaytfgeTug iadulugldnrazvavaiuiaan Tuglanieamnusveas-

< - ! E « P . b d o f
Zianatdezgniiluglan  AsvnntufnsovLadygnauanuligeaan ua:aygdaﬂulnxﬂugnnauwaﬂ
g < % - o To N ’j ' Py « - e e e )

indsy duaanudvavdFggnanagaunandes uludaduduaaiu tSasauinhdedia nsusfiialgesdy
Y T P -, v v v
sensraiulaqsn tlussuu@saasalansuada toosh lavaun  Indlaseasqvvisduunii (fuen
« & - -l. ar - ’ - vy - - L4
se1fign  usnentiunis tadaufivuudnsuzniquinany nIsnsdfuss ifisueziinanssnuusuyn
» - - - - i o >
sursalarndunisSauazlaundvluszuasuauasnu L Sanavidue taasuvy iladang Llad

&~ «* L4 ’ . - Ly
HBN9TINITL LEANYNUDIUADR LAA LARsBaaT La Lnes tdudyinausudSgaTug Ladu #Avanadu

«* - ’
d=szlonylunsfinnsSanau L S2ssuunpssuzuislna (remote measurement)



- 10 -

-
umnn_ 3

- - - e
Adnaariansuadic Lgas

e - ~——-~- - (Digital Speed Transducer)

N s * - - ¢ - . .
nua sinitoulofaasu idaununyulsudusssnauq#i (revolution per minute
oy -~ L3 - v - - v - g ‘e -
= rpm) pvuu NANIAATIU LFIUNUNYUINABIU LtASavNUTEa I lﬂu“')\’ 1 WU LFUD anuu
- o g™ - v - " -~ < s P ¥ o
nTaluunuiazdalassay Ingaqd taSaunuse1vdunqudl toutges (sensor) fnaglnaduuny

M ~ bt - o= O b4 b S e e > o
wqu'lu-n":\: LI IMNUN Tnu‘lm\mﬂma LAaANIaUAR LAZINIITIS L‘JRﬁﬂ“&lﬂﬂﬁﬂ'\ﬂﬂﬁlﬂ')\!ﬁ‘iuu

) * - e ﬂ .
NIV MUAIUTIS LAR NN INUA LHUTINY 1

- < o » - v -, . < .’
1:UUﬂ‘lTﬂlj 19a9AdanalssnouAlENI TUEA LTaS ‘J\‘jﬁ1q Lﬂ1"’l:1‘l#ﬂ"’l uju IITYLAIITN

gauaaludszsaea (Lou uan LIud taa) ﬁhuﬁnvLﬂuuianlwa:unsunﬁugﬂﬁ 3-1

- ‘o - P v . - - .
- - B, neUEAL (et naualy Ladnununsavas uunae q ARuuuNU LU LTSN LN

q v o v 3 .3 o hd > e
-__""ﬂuaginanuununﬁwuﬁnLﬂauuﬁ11ut11nﬂ1wqu1wLﬂuﬁ@q1m1ﬂﬂﬁ Tnavesg insqznie uluil tnunz

]

- « 4 - N ¢ . LxY . r 3q > 3o gt oo -
Sy 1 LraT WazIveIY LATIEREAUARD LS SHIARNANUARYL A Lnuandn La tuaSeas Taslasasan-

n s pry - o - o G P L4 o
sampling wLuuﬂ:ﬂuLﬂuauunmavtﬂ1avuuaLann1aunﬂ ua:TﬁavﬁGLdauumqnaatﬂuauﬂann

- - ¢ « » - N
n3naves wdsuazudiulaanids wwniadavaulasnas ld

- €3 o T oo T 2 I PP ) L
ﬂﬂﬂ1ﬂﬂ1q;n1ﬁ:ﬂna1Lﬂuuizqhuﬂnaﬂud1:ﬁnnaﬁu11ﬂnaagw1va1nunuﬂqu-ua:

« Y . .. - ' - - -
Lau I.'U‘a1'1ﬂ f\l\‘llﬂﬂa HUAFODEFNIITUYINI LAHSUINUN

o~ - s
3.1 MIANTIUTA LOTDTS

g -~ * - - -l - . s v -
LTU LTaSYDINITUTRD Lo THadTeeadnauada LU aialdv (A3 u3nssud-
ar - - < - M o « X o o ar < .
«Aay) mia il ~wfine (A2 uanazuanse) sHawsnan (nszudiann, a1 tdasusSaauauy wu
- . - - - - - -
inananas) mdeuninaniida (lulasiad, use) rideagedia (aduifuoy Afuau) Tdandvenu

~ v - » - - . - - [ - . B4 . - .
I 1afys oiaA2usSEU uaZIUARTS LAY Lma“m'n‘umﬂa\:'luuuu'lm'Lw1'\-‘lﬂ\1ﬁua1u1n UHAND



- 11 -

£GV1 Y] LUBBUEUNRZLRLUNZBY UBER
» v -

cLuneuvu L necssoe

PR |
daugunuLene
usELNnEsY I UEL] R

P
) ;0 e XA
gepLLuBnAgMI AU 4 LeunaeILs

raoavonzﬁac,r%rczrnrrvr

L ] . L]

voszatparLyunuluzisviheene
rl 1] »

npnty

GLU BERRELHU
L . .

BOBIL[ITLLL
d

unish

L]
usLewi hesone
rl

pLbfipRLERLBOL

nbzeunLhitpopels

|

:—.: _(.@KF?? [ 5

1-¢ it

RUNNULBY UL 8L Z.wv,— *e

hd o)

neusynuntu M
R v

QLI LYRNILLR
L4

nguvenIeLur ﬂﬁ..z.cs

npiLey

A

z

uzteuviheeoe
o

LEL LURLEU
L4

rileuriun

+—unrng

i



- 12 -

[ . « v
AAITUWINRBUY uﬂ:ﬁﬂﬂ1ﬂaﬂﬂuaﬂﬂﬂﬂ?ﬂulﬁQﬂﬂ

- g~} ~ by - - o -~ -~
Nﬁ?ﬂuLﬂa1ﬁﬂhﬂqﬂﬂﬂﬂ11ﬂvﬂﬂﬁﬂﬂ 3ﬂﬂ1vt1ﬂ7ﬂmﬂ FTUUANINATIHAIN TUHANSTINU
Aq » - ar P Y - « ’ o e » N - e
niﬁ ﬁuﬂﬂavﬂavﬂﬁuwﬂﬂuﬂaﬂ—“ﬂ:ﬂ“ﬂﬂﬁvlﬁﬂLﬁa?laﬂﬂ?ﬂﬁﬂﬂﬂﬂﬂlﬂvﬂu1ﬂ NSIUTAT LTDITUN
bt * - * o € * o
ﬂ111ﬂuuu1nu LU TUALU LMANNUNAISULY LY YARIAUNUDINEF ﬂﬂﬂ?ﬂﬂuuu“ﬂutﬂaﬂ AN~
o € & « . s - . . . .
[IANULUUNU ININBUAT  LTU LTASFITANGIUT (d19 magnetoresistive nfawn+ Hall-

effect) uau

- & - d - v . -. e e -
AVUUNITDNUDLNT WUFAD LTBT LANIZNL Tuaaunmuadiaadanlunas idsunday
oy » .. 4 - - .4 - » - » .
uazTanUssaeaniaaunas lovau lanas us? tiannsunaa tresdveieez ifonlana uniia uaaun
ar o . - - g < s »
FWBBINRWUIU A ITAAUURINAINIUFUNTS LU RSN TEINTUERD 118 wazna lnwov 1Hu tTasin
~ > - > < g e w -
IMUITTUNUINTNIIZUINABY FUTTOUIAABINIS TUIAYDS LTULTDT 2UARESUINTNTDNIvaT LHY
- - - . U : » . L4 . . -
tau uazdsdudu q 1y nasdursvuny  LFURAGUENavTavinu FaulIsnavuazgUsiunisda
& 5 ar - Y = e - e . v g * o
av Fesndguavssuunalad teasrindiaea Aa eewnhdugnalnudunae q 7 1 U A unqs
a - - a .. . o 2oly
muunune: IinuaulfgavevifggnatddsuaunTamyuunysuisan 29Ty LA zNNaanuuuIe ly

& o g ) - - o - e =1 g ol
YUNUTATISUIARDUNDS LASAIINS 10@15ﬂﬂ1=“ﬁ1ﬂ aﬂuﬁsnnﬂnuﬂvasau1mazm1nua:un1ﬁu

wuu gy

» - - - g
3.2 ﬂaﬂﬂaﬂ1:uuﬂQﬂaﬂﬂﬁIﬂulﬂa1

o - e g - o Sy -~ 7 P T *
:uuaaﬂaﬁnﬁlnuLnnﬁd1:nnum1uﬂ11uaw1Lﬁasnﬂ11uﬂaﬂﬂﬁuununuuvLﬂunﬁv 1

. ol . - [ 3 - 3 . - 3 »
MYURU LTY 0D T TNa gALTA LanarnduaulEgaaeil lu wdsuaunliu 151zevunudntazuannay

ar = P S v . v * o X - *
uazdulidu q luavesfinanisavesyiasnzy Sunmuni tisvuaduuasusay nie wWasuiad

1] . - J L4
A2 1281 n3e sy vduTlranaunaan



- - - g ~ . -
ansvlfiynrevdugadisu lueusn1lsuanasy stuyesdenunieay wasieqy
=) » - - N - : - -
PR EREY ] 1nnﬂuauﬂaamﬂavﬁ@mﬂmqvna11:nun111un1u (noise) w%a<zdu threshold
- - & ¢ » LI, . - 4 . o
e UBNINVIAUNALADT . URZADY U LAUNINYNARNTY LATznaenesu 1o 10T nan  \Heuane

.. . v o v s . - . - ¢ .-
nraenranhvuntviunavlaavesdoundy (feedback) n3zqunsdSunsuadiawoas nle

o g -~ ) - * v « ° M - . ¢
<€y muﬂu‘mﬂ'ty:u_,'\m'lﬁaq1:numm NnYaayIvuUBEINs. gnﬁu'luqh\ma\:-mn1 fina l,E\Eiﬁ_

-

S A . .2 ) - . - -
Henadga a1 fvreunIuadii iresuusilaes As das zosTugrasunIy wazal1y

. & . - ar L4 .dy L4 . L] . ‘e
uUANANUBIEAIZNNTEY (AamviiNaruaz luliiad nIarvegugauazagaravdygn) @
‘ol o ¢ hg VR S - 7° M & ) -
WAIY LATIZANNINUATATISATTUUANATIURITUIWIURRTABNUIIL (I8 INIIZasUdual u Ltiey
-t M L) - ¢ - -~ -~ L g tar A
39 A37ue LfsauasmvnaTnivurewna lafitnas SeiudumuiGoavaeesy tasizn lududy
- P -e - . . ’ ® e . « < v
NIWAR LTDT  WUIMIWEAD trasezegludataz ludevlanany AxtunTansndgeTy LAY

an » - - P : - ? o
- NI INNIIUAAD L'H‘a1‘1ﬂ Iﬂ!lﬂ‘l1 Ldauuuﬂavua\!uauﬂagn N30 LNEISNAVIINSLTAT LTasAD

- N =) -
1vasluunaaanﬂ1 wdasuul|uil tae

— - — g - o - A% [ iy » - e Yo
Fgdual inadadSaanszvunlad tneali 17 tie lnnasasnununsuadziges ladass
) - > F g iy - - < e ] * . - g
uaznvulagaeniaviiu wradggraszfuaudfge wisulddlufissaantanteu  tRusuaaas

- . - . =
tRuasasnsuan Al tanya s inAtiy

3.3 figanazafyrygulingussous

e e - e HUGATUSTOUTAUFWADININUTA LR IINI SyAI IR u Aeease  (accuracy)
#awn1avteu (dynamic range) enAuszifam (resolution) eanwdidus (linearity)
uszHanausTuavHavalnuLia (speed response) wauszuuddaeannlad tasFuilS inaqds
AuRURUsS A AL LA A ua:éﬁuTnéﬁhﬁbavn1nﬂuuanﬁﬁaLﬁﬁﬁhn1ﬁuaﬁaxﬂaé Tnsianazasne

e  digital readout w%aavss D/A a-mnnldaua-auqasn

I S - . - : < - o
e AY L AAIN T WER? LTDIAIINATUNY BUTALAN JFULTznaunae q puwnu

- . P - d > v g e o < P~
e 1fu igasuas fagnai lasanua e ladggrauaadaulnaeesytasizn in wddeu wudugdadul -



- » ’ ® * - hd Y - - - b
#wndvunqaves decade counter wmulnainldusudaiay s nén #uaz% iongavazniy

Buaitln idueus uast3udylny

HANRUEUAVTBNAIIU LS7 (speed response) wavItuy A NI3IQIVLIRUAUY
. N - « s N ¢ - -
qm1:ﬂa1vnﬂ1Lﬂauuﬂtmduun1ﬂuL11unununﬂ1aﬂuﬂﬂ(n%aﬁQQﬂmaan) w99a2u 1537 LReuly
a M * - - - - & P . - ¢
@sgeitmy A37uL9IN tRsunnSuqfizevszyuiiu 3y uluan tafsaanaTiv Lasiusy counter

- < * g < = - Y S ’
speed response yOWNIWFRD L7183 tuan L anua sRgainas LR suTn s T AATS tanyn

- 'J - J - 1] . . ] * A < .
HAINTIUFAD LTDIN LANUUNAVTINTIIN VLU UNUN Y LTU Las Al uistunu 60,000 sveariunii
- ¢ - % r " P
NI UEHL 1TaTdnanauauavsav ity 1 ms. nIaainl A RafURUBNTRNISULAS tNuTiuadY
. - J . . . . .
nsanTas tnandian counter #wluvruvavesnvinuazau ualuvaveulyinyazagqe o
o o A . mmt o o
Lnéavan1nﬁu1vtaau§v aznt lnn faualu tSuuifashia .

-~

R E IR (dynamig.range) ﬁaﬁh1ﬁé1uﬂavﬂaﬁu§§1unuqvqndaﬂ1ﬂuté1
angafEunTnSaosn tiseatela Fmdugavesiuidaahga a1 counter finas¥ iamynIuqd
amvarula iideasuangeda 1 Wanlu 1 -Sufi n¥a 60 <au/uqil aaahnaadefisudelu tie
AT }#aL#u1ﬁ5ﬁuﬁﬂ1§t#uvﬂ1uﬁhaﬁLﬂuﬁhvLﬁuﬁﬁvuuunu vy a1 iudu 60 mavdszanu
mnudaangaladiy 1 ssu/uafi nSesqcezifumaetaninis3ian counter Ingedudlaua

nn InunseusuaviFoly

* - - e S - g - by v
AN AEIASY LA a2 UR LT UTTUALUNT U LTDT LANIZ LASaINUIENAVUUUNTE a1
) "l N A - g - & - - A hgiy -
YN LFUDVZ LULUNAUNTIUFTAT LTBT LAY AVUUAI U LNENATITIYUNDINATY LASIZSNINRIUYLIAN

pwdy (reference-time) iafuanwualny



- 15 =

P . - : - ¢
naula (sensitivity) fs fngsIuve v Innsqusis tres e @ ilfe vuev
. ” < o d P * P | . o~ « 4
uNuSuay tnadl iU LTes (sensor) v nflge maLuaiL#avvaquauQﬁqaéinaQﬁnnaLﬂuxqas
P>
(sensor) #ign
- '- L 4 - ' . . « ) - -«
A3 u L ve I udda treshinnsanlasn  wlauszTasvsronel@nduawnsusd- taas

F- L) . . -
_saunvaluaz lduave vrevinv lunkusuaae -

- 2 ’ ' ™ &
ﬂ1ﬁ811ﬂﬁvﬂ1ﬁuﬂﬂ1Lﬁa1ﬂ11ﬁﬂﬁgﬂuﬂ;IﬂﬂuﬂQﬂURQﬁuL%Q?BUﬁﬂvLﬂﬁﬁ uSNIINUU

D . é d . -1' o ’ 1 N -l - -
HRTDIATUNUID LNDIYUDIUNUTIUAIFATNN mﬁ@mﬁmtﬂauuudau qﬂuﬁﬂﬂﬁﬂ LUD LINYUAUHRITINNNT

« . L) L] - ’ L4
niguanaivravinan  nisunidvEranionsduss tiouvavins  ansudsluvavdnnaslaanida

- < 3 < - .'-
uszn15uYs tlra w318 LA S lunsusha LresnnanfiduanvEnIlzUInREY
! : o, - .
- - - L N . el o N
aalannsnmnas SSTAUFRPYIAIINNIIUEAD Lyes Llaahunuvue v inaTagfinunuy
.l- - » » L] « - -l * o
lutAndyy ™ szeevusynan detection threshold vovavesdidansefingyinsizn  lunhee
PNV S ‘e ) 'oe - P— - & a « > .
LREIAU LA UMNYTEY twaaghinaunuy | ifindogin” STAudgonaeIndansuaia Lrasesna vgunan
. -~ & - hd . .
-detection threshold iswe dvidunsquddaigesesdiadqulavevw signal/no-signal gv
o~ .- -~ - . F3 L d « w» i - L. R T ] -
dodonnla ITAUNISA LA LABIFWISDAY Ingunlnused  ravevnlsnidguunaly  nasunlesle nde
+ - - e . A

) - -l -l .l L] - L) o o .
UL LADUARUDINAIIZUIARDY  URSAITSUNWDY q vav titsuulesssduve viam o iniduiiog

¢ . [ . B . ‘u - v, (B
wniie threshold 2evd LMALADS  FIUUDLHUATHAYDINTITTUNIUANY 1 savnuualInna threshold

. . . .' . 3
A3 uRz LfunusvravaInv lunkuu (Spatial resolution)
. N - X » a * o Y =
9huaud (e vasseu LR lvAduuavaa1u 153 (Speed range)Salanaau t3an in
& - [3 o X > - . -
YU uRZAINERT LTEnYR AL (3IYsvIsuL thndualesndy sampling rate n3ewavszasiaaa
- o al . - e M Yoy am P - .
Fwmsunasduintmualy nIensznlain3Snilvlagnts tiuravszes Laaunty  waduntsanas
. ’
o« =l o > < - - 1' -
AOUNUB VYR VAU LS vuziFnun Infidavavaa 192 uazmruas tBaavavnau LS lane LAy
.« - g - o X .
Inehinvovaduaz 18on  H9sw a9 InA27u L2318 WNIUERD LTS SUNVA2IUNAY
. - «
UDIYUAUIULINGS LTU LTa T

- . -t . . > - L4 LA d -
el il ﬂﬁSLWUQﬁuQHéLdS“WSSSUUﬁﬂﬂH uuﬂalunﬁs.Overlop YBINKRTUIVI LAY

- . - . e . . .
797 baseline 3o idunqsasnaulavewnsuadcigessy  waziishurluszyznrvesvunusunyu

-

o < =
UAQ LTU LTBSAIN



- 16 - '

o - - - v
m%aﬁnmunﬂvmuuaﬂuﬂsnqun1ﬂua:Lﬁuﬂwavnsﬂﬂn1nvasinunﬂ1qutﬁuﬂﬂqudhaﬂv

. o PR 3 o - o e
YaIUAUDY LD LTunA S WRuehuud (Wevauzifnun Invuinuee@ oy uszvurnwee L9y LgesA LAY

X3 r 3 L4
3.4 duuusvaInsadgldansuafialgas

Adnaaslansusda LgesaIuAsaLYINIY q audnvaznasnieule 8 wuu Ae
n. aﬂnnsﬂuaﬁ1tﬂa§uuﬁnﬂdﬂﬁﬁﬂ
4.  sdansuaas Lrasuuuduiadi
n; slansusda LTosuuunanfines

a4 s = N P VA <&
Funvsuuuuilvieued  waz Founnaeiudene LUl



+

- * . I3
3.4.1 wdansudal trasuwuuadqdin (Capacitive Speed Transducer)
- . . . - .
afdan=s U2 Lrasuuua B udu sy ivan 2 wausuaudy uazanaqrla-
- ¢ J - M A ] - - - - L 4 . - » * l- -
- Fuaures tdfsuudavarg-an Q"=~€A/d ﬁuuunanuﬁLwanﬁﬂﬁauﬁuﬂuﬂgv waiinadaa uulnaa

AnanNTIIn

ﬁvﬂ1ua:n1ﬁgaﬁaLﬂﬂi‘ﬁhﬁbudau double wound ao tdupEasiundn-
i & ' . 3 . *
Bimesunuannae 3 32 (three terminal air capacitors) uwazavsaruyasusavlugy

- TP S N LV
ifin9nunudaun tafisun AdaTuaur C wunnuagiun

3.2 T =
7 a U Tuaur Cl3 ua C23 12

. v - » rd [P
Taedun S ulu screen szna1vdianTaan 1 uaz 2 01 Screen wuysa C,, szinafiu

. ' - - 14 v e
uu 0 2ves Schematic ua:10q1ﬂngnuﬁnvnnauﬂnvuuuuenauﬂﬂvlugﬂ# 3.3 aAdTuAur
// . - - * // . - 4 P -
C uaz C lulasaduiamyn C uaz C ABUUTUAL LEMHNNY 2 anBasuay
13 13 23 23
. s . - .. * N *

three terminal &apacitors umavlugun a.a n) unuﬂﬁuags:naﬂuﬂavaﬂnﬂﬂaﬁuﬂLﬂav

- L4 -~ v iy v -

flavnsaa wdudanyu uda lafad Bueud ilfsuwlavlasnsdanusveunyu n1stfauulay

- - -~ - N - P S g

——- U8 Ci§u+ﬂu3dnauﬁLnauunnvnqmmvuaﬂvlugdn-ar4«u)nnﬂ1Ldauuuﬂanwuuuauuanvnau

- -l L4 - . - - - L4 -
taud=s: wdamdnBined 2 daaluaveadugdl 3.3 wlvdulamnazla

C12@ -G vl e (3.1)

/4
Cyat Cpat Cy + Cp,(0)+e,

- - . . L4 L4 - L4
suudinuvawiaviin leakage impedance Cd unnBuausyavd inaLaas

L. . - 4 LI ¢
UR ZURUAIUAAINTIIAA Q1 =C..+C_+C_ > 2C Tuwqull uss

Cq = .Caz* Ca37 C4 0

- L4
e = Er(max)cos. mrt usvAN Lanmnd sz

E_(max) C_ (t) cosw_t (vl cereees (3.2)

0 Cd

da . uaneviluaz Cv(t) = Clz(wt) -C udu periodic finction finqnud

d 0]

nw/27  Tas o duaaruis2iBeyu



(n)y

a . -~ e z '
Ui 3.2 n) euFassunueInad 3 U7 o) IvISHUYREY

=Cry

— V2

’_(.4
An} =

o . » L] - 4 e
<t 3.3 n) 2ves Schematic gavwnyanlavasuuuyIaa 1) IWISFUYRE

. 21-»—-!
"-u,zz /
n

:!

- - - - : . =

l"— 2xin ———4

fzuwl~>

A J L 4 -
gﬂﬂ 3,4 n) v wmTHew ) n1= LR suwlavesvaulJuaug



L4 L4 - J L4 . - L}
azla vormmudueatiga Tugrangedumied dudasufuanuuanaivaas

AU Buaud

o 'S ] b = 3 N as
nansIauunidgnusvalui wasdggrnuay La wRviaa1u L3uanatediu las
¢ e v ‘e - -
@ ud ey earuunuuss brass block Usrnsualsatdi@iaasdinuudiuailaes snalndgu-

- ” - -~ ' & -~ b4
afigewnvuautdas double wound uaiindnsivuavuanAsl Aadduseiu lige savea U Fuaur

d

<3 -r ., . - - L4 L4 L4 ¢ »
sUa 3.3 n) usvmulﬂﬁﬁmaauqnmavuauﬂaﬁaﬂuwﬂéutﬂﬂﬁTuqtaLmas uszia Laasady

L - . d * -
a3~ dugl 3.5 eaudieanm szlaududagiuiuadiuida By

- - - g > -
1umﬂ1ﬂﬂ" 3.1 uﬂﬂﬂﬂﬂﬁtﬂaﬂﬂuﬂﬂvu1ﬂﬂuLBﬂﬂﬂﬂﬂQﬂﬂQﬂULﬁ?mBﬂ 2
- 4 ) . . - N g 4 4
NSIUFEAD LT85 ua:gﬂn 3.6 HABDILINHN AnILETSUNIU ua:uunugﬂﬂauﬂﬂvﬂvn qvmuﬂs:uﬁm

- o P e | - &
2% W{2@11u LS 1200 <S80 /UM UAZATANAVUI LUDAI U LSTIFIYY ,

-

S .. o - -~ ‘ P <
AN 3.1 ﬂﬁ1LﬂﬁﬂﬂuﬂaﬁuﬂﬂuﬂﬂﬂﬂﬂuﬁﬂﬂuLaﬂﬂﬂﬂ LUDANU LFTIUD LABT

Wasuuwlay ¥ mdunsuaaawmes n) so diuilaw, C. = 0.021 pF inuzw e

0
as1 w) 16 diflav, CO = 0.31 pF. tnuus1g 30 wswdudauunavas
uSas 15 V
ms
(n) ()
a2 u@iawmyn (Hz ) wsodu Lo mnn (V) a2 ud Lavym (Hz) usvﬁh;aﬂﬁﬁn(V‘ )
. Ims ms
50 0.95 51 1.55
119 ' 0.95 204 1.55
150 0.95 495 1.54
403 0.94 730 1.53
575 0.94 765 1.52
1083 0.90




- 20 -

wour S 1lne

- L 4
#lugiainoa

o - g -
Un 3.5 29vIFdanTuadic i Tasuuuand 1 E6W

ed

(n) - ()

VIVVAVTAN i,

— (n) (v)
2ms

1]

gd# 3.8 ﬁmgﬁmtaﬁﬁﬂmﬁ
n) 119 Hz (143 sou/uq#i)
#) 150 H=z (180 =»au/uqn)
a) 575 H=xz (690 sau/u-fi) ¢
v) 1083 Hz (1300 sav/u i)



-_— ¢ - 4
gﬁﬂnanﬂsaLnsﬁznﬁﬂnnsquﬂﬂaLﬁa1uuuﬂ1ﬂqﬁﬁﬂ

|

1. manasudulnaasanasdaan

» 4 o - .I -
2. lofvusiaesnhdean q @

-
an LRy
-‘—' L4
1. BuNuauTuae L9 MKNFS
. - - . .
2. fausulanzusvatl 3aranes tluaunu nazd lasunavatnsian
3. gunad uazedufuiinansnisdn
-« > e . * - T .
4. wusuasdiasada@ueus (Stray Capacitance) iuudeinuauy (Admittance)
- M oar 8 e g
w8vd 1an Lasn nIaduhiunsIIn
) <t
5. finaesunluINnn1sYn attusavinsBaaosea

..
8. ﬂ')"’ll.l_l')ﬁ"l

3
-5

f

c X A . . o . . :
3z thuaszurididop A sndunTsfesudn avenaidiasailfuaudauny -

. < - > - < g ar - ¥
(A1) L“ﬂﬂlﬂﬂ'\ﬂﬂﬂﬂua: HAaNSINUIAITA M UIARBUITU T LAHIVBIAUISUYNITIAAIE



- < - - >
3.4.2 glansuwhn wresuuududndnl (Inductive Speed Transducer)
Y < o e < X v - -, -
N3IMUEAD un‘aﬁn”msu’mn’a’m LSIS3apupuu tlsznavan UQ'“JEIQ!J LUPUURINNUS
b - * - . o - ¢ *
lﬂﬂ‘i‘ lﬂﬂ\!ﬂ'\ﬂ‘lrﬂ l.u’mnagnuunuma\ma LAas ﬁtﬂa\mava'\uqxou n é Q:unﬂ'\ﬂ‘ﬂa\‘lﬁ'\ﬂ'\ﬁ'ﬂﬂ\l

¢ > o = - * e P
unuuAu inangUddraudu Aluasdavuey dvgln 8.7

- Y & o - > ¢« 1Y o
(o tafTran 1aandaru@ i Bouyn W Jauighunasa sznhlnfianszus
r
& lnal PR ‘e e ¥ ¢ .\.',-l- s o
190d Inalusuagd oy uassafudnusudaavaasianialaazanay (davannayavilgIa-
-”~'é.. -”'O Ld ‘J [ 4 <
uRALANTINUNHUIINSuAALAUTRUYa E2aYL o 9ol dasunyuAlLal’ LI LT
r
- g P -~ o o ar ) ¢ > * P
ns A1 travas wWiuy tefau tTudaduda Lrasigusawdsanla w (t) Taunesrufiuuay
m
PP A/ : . o v e - v - - v vy ]
ﬁuﬂﬂuﬂuﬂﬂavmwaanmaaqnsununaLﬁuﬂs:quag1u§ﬂavassTﬂuuun #Foaz3 Trununiiaaud
» -c;c v, o K - e v e o
wr/Zﬂ waznanav9s3 louiuruSasarusaled inans uisuwlaviudnuaugyavaaaln Lia
L4 Ld - € Ql . - . 1) [
viaadugasn usemuLaﬁnunmavusﬂaa:ag1uanum:uaudagm1uqLaﬁh aradga K(1-COS n
- Py B ) P * - - Tes -
me) aavgdaiunmsindaaud i Toyy W, 1luidla K fAearaviiBeduiusiusaudssnanit uiu
ar e a - e é P g 'I'J’*l'..
fasadauravuSaa uaz n Asvhuaud Havoovauesgiiiisy a1 1l2a0 1aefl lafunsueedgya
- ) s - ar o =) . - < . <
alugtanuazfaines na:1ﬂu10ﬂuwxﬂugdnauﬂﬁuu ﬁvnnaﬁuntauqunﬂu~n NIYAVANAIU LS

x - S LI A A an
oUW FygrailazgnlSusUs19al 89995 LTH LBSNBUAS LA LATAVINATIIVTULLAINDE

- ¢ w o - ey » -~ -
NS U LTes s wIu lasdaauds lownun 10 Kz wazlaequegd sy
- s . : » prym
A n=5 usz 10 F1lev MO 1 VY. VLA LFURICUENRIY 100 VY. uazlgunaand

Budauaud LO = 128.5 mH

HENISNARD L#aihﬂu?nn1ﬁuﬁ ua:gﬂaﬁuﬂ15ﬂavﬁ@mﬁmLaﬁﬁﬁmﬁﬂaﬁu
52a1v q Lﬂaﬂﬁﬂuuﬁ1ﬂﬁﬂﬁbﬁnunqumavuaLma%ﬁpéthﬁuL§115 avesuins loaauiinszau
10 KHz 'lt;sfty:yﬂmffle;aanuﬁ Jou tgavesdn ias sy tFoausmldga 2n Lo mnnuavuaul e
JéuLﬁﬁqvasﬁjuqtatmaéhdﬁviﬁﬂ ﬁifTﬁIﬁﬁ uaz RC Aaians 455ﬂhlaﬁﬁiﬂﬁ1£§1nn11
finnas 1112995 Lo wasneutdufSees %vnaqqsithﬁuL%1ﬁﬁhuﬂ1ﬂavuaLaaé Taslmanu

L) 4 . L d A —v
adarwesfuuy 5 diufav uaz 1o Fiilay FumruLS7 3500 TpuAsuAfila uasasiladegd 3.8



i

; (504 1 15 _—
L4 , . .
’ AU LR N -

Rile] ﬁﬁauﬁ"u.

J . L 4 . .
sUfl 3.7 n) 2L LMANWLAUNAviiTaveINAUAY

- -
a3 tlisy

pe | <
sUn 3.7 2) 9 uF ifavuazivassuyad

Ry
o
, in | A%nan
4 -
— | rana-
R2 LS
uSas uaud%-r'\-{ﬁ.f: #fanosuazilalans V+ .

-
ADUNIFTILABDS

o = e 4 - <
Ul 3.7 @) 2veslaszunsuuavwIass lounuruuysynsusandudanaqu 3203w



SuL 3L bW

S

232

351

435

ﬁ'n_rzg’uul.a;w!'vgm

Hz (318 apu/u) 14.2 V,‘m,‘
Hz (450 =su/u-m) 14.1 V'rm.s,‘
Hz (1392 ssu/ui)l4.l Vrm,
Hz (2106 =sau/ui)l4.0 Vims.

Hz (2610 =2au/u)13.9 Vims




- v - . o -
F5Unana33 tasaznailons WAl trasuuydudndiv

>~
o)

1. luuduinaaasnqsin
2. NUABHANSSNULAVFNATIIZUINGDN LAA

3. <7 0n
~

.
a8 L8y

[ -
1. mauuﬂaﬁuﬂn1:quaﬁnnﬁuuan

: =
2. unuLnﬁnuﬂuﬁnﬁsgmtﬁuuﬁnnnaﬂuﬁqu

e

« » - < . o Y o m -
a:Lnuaﬁ1:uud6301ﬁunuLnanunu ﬂﬁ‘ﬂlﬂﬂﬂnﬁ?ﬁmkaﬂnﬁﬂiuuﬂukﬂﬂﬂ UWac

o > o & v . a o - Py v ¢
naﬁunn1:quﬂau$:uuﬁﬂauLmnnﬁnm 5nnu1mUﬁnﬁﬂ1uﬂquwmuﬁLﬂuuuuuaﬂaaauwﬂumuﬁ



3 - = L3
3.4.3 adonsuadzirasuuusaniinea (Optical Speed Transducer)
- g o <. M - ar -l -
nﬁTﬂuLmasuuuaaﬂnﬂaaLﬂuqﬂnsmﬁhaduﬂéunau dnsuszuy idgasagy dvezfiusy
A ‘s P ) - t'l - . - . -
180pan A2LaS B and uazal U RENasIEY  lunisaluquidue tnas n1lad inasunuasdinag
éll' -~ L3 ancn ~ P € &
uBusrusdguavssvualsanuuy ildaahgi Qmﬂnuma:wﬁlﬂaquQﬁuLnuvmsvmavﬂgﬂut11ﬁhmm:
- P 4 - ’ - S . P - *
Aununyu wugﬂuwavnﬂlﬂuLﬂa1tmuaaﬂwnamuaﬂv1ugﬂw 3.9 s wAafuununyui NI N sav
L 4 . . . > o L L4 l l
(18u) 2Y9EN319 100 WAz 5,000 S99 (1&u) FINSL LTUHIGUENRINUD I 2% {7 unsn@v
. ‘e el - * b - ar - e ‘ - < »~
(grating) agdvfiazfiahu usay (1Tu) iaufuzevaufindneinaunauda tau toas azlaidy

v < o . 4 . . . " o G .
T lon=smdd iaesnSaloa s Havunyuuasssauahuauy N sav (1dU) ITAI0HUA LIA LADS

- L4 L4
Fygnazavaduf tamwnesla ulu

ftach = N.rpm = N.w feeeseeees (3.3)
60 2m
- . - -« - -’
$11) £ = ﬂdﬁuntaﬂnunmavﬂﬁTﬁutﬂas (H )
tach z
, »
N = A uusaw (1§ u)
L] - A «*
rpm = sausau i AUNUNYUUBINS LABS
w = @219 tBeyguaavununyu (13 Ldsu/Juqil)

£ . 2 . d © ¢ ] - ar .
\nsndv  (grating) tdueetudu famAnauTnuaY 1y tTas tngnan Ll i su touduszezna
. . . . - -t - - - .
savsav (line spacing) wevatu dvudavlugufl 3.10 n. (D@9 unyuaAtuLZAUIRAT T8

- > 2 &4 At 3 . - PP o
(18u) nvdede (SuLadaufiniu Lfu Lges Tazsay (1su) navuladiaeyiniieszduasvuey
< . K > » » . . . > o
15U 1S N1 LA suuau A2 Y LBUTD Y UEIHB HUAN oy dugue tws1za1a% LBy Lafguey
. -3 . v 4 x v -
wsy 1o B ruudas o cfgesh tisounu tRudy  mas)uraY tnandivanuen tlu teuanasyuia
’ a ar - - ° N 0 N £
savifuiges  nrvsavusegnimTagegn tiualuduiusIEn219aT UNE NIV LU S LNSNAY
- } . 3 : 4 < x »
Fousaalusuil 3.10 o) msusos (.dy) uwasld (NS500) insndvaeazgnuly ingas

* . . [ 4 A
AURYAY LU LTDS LANNITTTUENNYAY LEUR9IN



o
FIRN
VU ANTITNaN

ughy
@)

. L4
UD \NDT

Y
=1n 3
3

- L4 - . L 4
9 n‘muug_'\uu‘\'[-nu LADTULUUDANTIADR A IUENIIUYDIUNUTESNIIILD LADS
. ﬂ A

URZ U LLUUNITUEI Y L‘N‘a.l.l‘ﬂ\iqiﬂ [S0) 3

. '.t
SHINIILDNIT

v navni tdnusy
\ . » o2
\ <av(1au)RA9U
N naeral “( waRaun)
Y in@oun Aaag
-
o mm o - oo oo
. Pl ! o= Y= i S -
<T8NYBaIIU {\Ln1wé§

oy |
(ayrun)
ViU LTas
- AU R YENLTY LB

- * o o - =S e bd * - - -
Ul 3.10 n) SevAnivinfoud inds 1futraseinmavrbiia Jovdu tndaun

< L 4 - - -
2NN 1AL LTBINNEa e A LWAsuLANAR Y LTYBBIUEY
- . -

vu tfu 1zeT uluguy

' P - - - « -
ﬂ) LASNANATINISTUUNTANAAR TUHINUINDT LU LTDT

” . > - 7 - o - -
anum:wﬁvnﬁ1nﬁa1ﬂvLﬂuuuuautﬂa11WLﬁa1Tuqa AugUn 3.11 dsznaunaw

- . -
200 Tv 300 <av (1w u)

. - P . v - - P f

1nTan wavusvuaz InTansudsians 2qvszoznqvlneny InlansuFdinasiigions ulusav
» 4 & M) » - - - ¢ o s v v -
naavUszuna 0.020 G2 tnandvlyshuludeed (Hefuinaddn e iduntslonaeequiivhuau



| eunansén

___5fa
.a8

- '.ﬂ -
L Buinasswiaes luas

| 1aTlon wavuss
: (nulu) .

| TdTlansu
(nplu)

Ta P -
sun 3.11 wudu Lees4n LADS luna

— . — e e~

. >
L3

L - : a4
U EUEDARIN L5 LAdDU .
o & 4 -
nSHyu ﬁﬂﬂuuu11:ﬂULﬂuLﬂas LU LTBS

N

: T e
2w LS FrazusNgUanaY

L4 o«
429 LFY NN inSu

- - - s ) Y M el < 2
?'!J‘VI 3.12 tusau Lﬂunﬂsnue‘wun'x‘mqua gnga A uagueanaIIua LTU LN INSU
- - y ) o - ® o - - . : '3
uju'nﬂm B Lﬂuemma tUAVNU LU LAN LNSU LNANNS Ltﬂagﬁ’qny‘lmua:'Lﬂuﬂ?un'\‘mqwﬂavﬂ'rm L97
P S v, - - ¢ - hd < - y < hd
nagasvnunu WHwges R = <SaEiineviduinwn insu Ar = szaznqvs SNIGUANIINVDY [ %42

- L4
L'ﬁﬂ INSFULAZ FUENIINVDINITHRJU



] - . P P 4 >
asuly titgensvaaunlafitaesuvysariicea tinlulasnn

1. unav nhifla Aanane (Error Source)
. 3 - 1" 2 - .
anuly tiseasvans tinlasnnsduazafioulusszniavnisnyuasvaiu yas
« - M S P | vy ‘s N v_ <
vin wiulaud Fudamn inandonsaznin devla uanidgmadén 2 asav &a naslaguenaie uas
- . [ . v - & Sy ¥ e K3
A211 LT HUVBIURLIIL DIEUONS VYDV LEL LN inFufieu lulaguanatvaavuuanisnyu a2ud

L) L4 . LS v . L4 - v -
Tug taduzav o mmmniln tfianars1sshususay (1su) tddsuuda alaangdn 3.12

= 4 L4 » - L4
NSAUPUUNUAI ﬂﬂlﬂﬁuﬂ gnavyaw L u lﬁﬂ INSUYBITIU AAFUENATITDIRNUUNUY

»~ ¢ bt < - < P S - o« g - -
[)e ] Uﬁ.ﬂ@ﬂﬂaq\:ﬂa\, LU NN I.Vﬁu.l.!ju Ar (2l MatVl L‘Sdija\iﬂ’luﬂag LNUD LU LTaSAT LWL ("1aaﬂ

o ad ) - € o o o P4 - o .
av) ua:nasamnmnnoﬂ'zymnmgdnawn"\uu L!jﬂﬂ')‘!lll1’)7llﬂll').lu (ﬂ‘iaﬂ’]ﬁ\!) ﬂ”\ﬂ"i!.lﬂ')'luﬂl.il'!ﬂ'ﬂ!ﬂ

= uiu
wN Arxr .-
f = — (1+2 — sin © cececoces (3.4)
tach 2T R )
P ) o~ o < P
L8 R = Seifigavinm insu
o . - g
f = ﬂaﬂuﬂ;aﬂnuwﬂavnﬁlnutnas
tach
w = @215 teyunssuny
® = gyuwswunu = wt
: [ 4 - L 4
Ar = szu:s:naavqmguunaﬂqtﬁnLnsumauaﬂu URZYAFUENRY
Yavn1snRyu

47 Ar = 0 (swlaguenaqv) szlu FM a1 Ar # 0 &3u FM vuaaudvavaaw 139

A > d - - -l > L4 - » .
tBuyuit lug Lanaasasudnd uaavelusunis 3.4 Tvezladiasiznsunis 3.4 Tuiqzarsld

» P
glaaqngn 3.13



- 30 -

- ’ -~ - -~ ’ : .
2, nﬂ1atn1ﬂ:un1ﬂuunﬂ§ﬂn4yavaﬂnnﬂsnuquunaﬂv f{concentricity error
L .

oty v

analysis) ' ) ‘

-~ - - = .
[BeY- 1ol sy 1 loifis vaverwd ey !

. J . .
Tzuzyousun ulutev (Taverhaer)
- o 4
AW LIMGAH Y LT LT

ceceaes. (3.5)

- - - L4 . A . .
WHUA LU ﬂ:ﬂ NMTUTUYIU ITYTUAITIUN Ldu1ﬁ\1 (a’a\:a’m'm') lﬂu

2TR i

C g .
= upaEaud LU = £
FTUSUYDIITIUN uUIDY (ﬂa\iﬁ‘\ﬂ‘!ﬂ') N e, (3-6) )

4 o -
ida R = <wdveovinn indu

.
N = S uausavuus u



VR*—(arcos8)?

S#d A e
] . . -
i R = Sad vvn in3u

. L -
WFUUNDINUDY LT LN (13
—~ //Amuh0=nﬁﬁhﬂm=nﬁ1ﬂv

v L] o
/ Yy Ny HAUAII LS
Arsin @ A )
4 : 7817 o s -
T \ -~
\ \_war= A3z
/

<
\ 7 U LSUaIIU
\‘r/ -

Arcos @ |

P2
7 =

-~

L4
ﬁ_ﬂﬂ;"u an [|INNITNRUU

o 3 °’
tou tgasn 180° (wnnvna)
» .. . L
AIVU RN LAY LraSau
) - . al
‘wnsy FM iefaugns

- —_— . m—— i - —

) -~ . -~ .
sUfl 3.13 lanzunsuzaveuasdiicres amduquunaiuiionana
. ¢ - - .
Ar = FTuzsInIINYATUANATINYY LN INSU LA IACUEN’Y

<
VANNIINYU; W = AW LT3 LTeyy



-32 -

o o« -~ - < L4 » . Ky . -«
L AU LTAUYDI LAN INTU LAUD LTU LTS Llju.lﬂ 2 w1 n 1 Lﬂuﬁ":un'z‘m L3N
- - - - M - * - P - -~ - -
nyuysIunun o LI LAy /AU ®un 2 Lﬂﬂﬂ"luﬂ LAIBUNANUUUATEAVUUDI LAN LNTU LN3TT
-~ vt » . o " - uy - .
ﬂﬂ1aﬂuﬂ118%ﬂﬂﬂ\! l.w1'!:qm;\"unna1\1ua\1 tHn lﬂﬁuuﬂuﬂﬁ‘ﬂﬂvuﬂﬂﬂﬂ\‘lﬂﬂ\‘lllﬂu ﬂqud1=ﬂﬂﬂﬁ1'ﬂ.ﬂ

< el
tSevnmyues 1 ey ulu
autda = @ x Sl e tdedn ceessees (3.7)
- ' ey s {
9NN 3.13  adad v wdedv ulu

.

Fed g idadn = /%2 - (Arc’os.e)2 + Ar sin®

ceecee.. (3.8)

L4
wuaun1T 3.8 1“‘5‘1"1"\1 3.7 URZIRALRAT R 19N

“ezutda = w{R ,/1—(13—1’:-)2 cos‘ze + Ar sin. 0}

- ceeceaea-(3.9)
P ar -1 - o« - - - < 4 : . -
NITUNUNTEINYIZna L UNtY AREA3 L LU LAN LNSU LNUD H_ﬂl t23 HNasu L!jﬂif‘)ﬂﬂ‘!“uﬁﬂ\i
: ) - M o - -~ b N < o )
nI3uLRVEU LARBUN uauqaqu BNAII LHN LNSU Lﬂun‘vanm'm“m'ua\m‘m:u LI LARBUAIU

) e
UYIITZAUNNISNY l.‘.i}u %ok Lﬂu

. O Y - o
FIUVDIAT U L9 LaRsufiauuulssdy = Ar o sin’ O

ceeee-ad. (3.10)

qun1T 3.5 9= 18puuly

2TR/N

wlR »/].—(Ar/R)2 cos--2 @ + Ar sin 0] + Ar w sin®

cecesnas (3.11)

aquluy £ «Fuulnula



- 33 -

1 wN 2 2 2 r .
ftach = 7= o> [ //1—(Ar/R) cos 6 + g sin €]

wUfER  Ar/R << 1 man3a R =1 4, Ar = 0.001 #3 uaz (Ar/R)2 =10

. 2 . LS . -
Agugaray cos® O ulu 1 emaunsFenislustndszyrainady 1 wwnag s.12 nanweudu

wN 2Ar . . Ar << 1
frach = 3% (1 + = Sin Q) #miu R

caesssss (3.13)

URS

20r .
w t = N (1 + _——R sin ©)  Lieeee.. (3.14)

o M - - | -
©4ach 212 153 LBeyu a3 LAsuee Sunfiseuna Tadi inaq

< ' - -
RO (| B A3 L1"JJ§\11{1] Uju L3 L‘Huﬂa"auﬁ"ﬂﬂﬂ wnunyu



g -~ g -
Fjtuana3 T tavqznailans uada ire3uwnaariinea

-t
R

-
1. fe3quezifonlage

=) o
2. A3 RsvaT lunasdage

«

3. 5h11n115hn7ﬁu;§71au 0 - 50,000 <au/u- N

. . -
qa, 1”1”3ﬂﬂﬁﬂﬂﬂﬂaﬂﬁ1”qﬂﬂﬂﬂLﬂﬂﬁﬂﬂﬂuﬂlﬂ31

L d
gn 18y
5 - < - - * -
1. n7IduEs oy uaszadideadaiduvsziinananqsdn
-~ et . o v » * o
2. guugiinasloeushidanasuasnia 200°C
v : o . o M -t
3. apvadvlusmaquinshdn lumasssiduuazasudy
'.- -y bt J
4.  wnwnidausviiaignaslovau 50,000 3 Tuv

-
- e -
5. aavdnflaiangalalnusensuansunsu
e o - . . oL
6. AAVTUNIVIIENAVVUATIBUEN LTU unavnt ilnua
J - : . - . d - - -
7.  HAzavnA IO anfINTEN AU UdTuAL tna iy azni in tAansfanatnlunqsia

a. ifm31ulaan

* & e P I - & ‘ . - b =
Q:lﬁu?ﬂ1=ﬂﬁunﬂ@“1nﬂﬂLﬂﬂ?ﬂuﬂ11ﬂﬂﬂﬂ WAANNT LUALTEY n11ﬂavuﬂv q3UNN

Hnn!:numavﬂnﬂd:uamﬁbuﬁhluu1unan11aanuuu



- 35 - ' -

-
unn_4

o -, - - - » L4
m%‘a Y INADIULSITILUUDVUD LABTUNULITIRDUAALART
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Speed Transducer)
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4.2.4 ‘Ravewnszuaides (Eddy Action)
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4.4 NIMUTAT \TAIRasITues ifunusvaves (Transducer and circuit details)
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Frequency output Vd(vrms) Vd(vrms) Vd(vrms)
(Hz) 6 slot, m=100%| 10 slot, m=50%| 16 slot, m=15%
30 1.299 0.555 0.202
50 1.259 0.555 0.202
60 1.253 0.555 0.202
70 1.242 0.555 0.202
80 1.236 0.555 0.201
90 1.223 0.554 0.201
100 1.218 0.554 0.200
120 1.203 0.553 0.200
140 1.189 0.553 0.200
150 1.180 0.552 0.200
160 1.175 0.551 0.200
180 1.163 0.551 0.200
200 1.150 0.550 0.200
230 1.129 0.548 0.200
250 0.546 0.200
280 0.544 0.199
300 0.542 0.199
330 0.539 0.199
350 * 0.538 0.198
380 - 0.535 ©0.198
400 ' 0.533 0.198
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§.4 manisnaaav (Experimental Results)

< - - ’ .
RANIINARBVVONITUUAIVAAINY LI2vavdifun aes uuuilafangrl Fefaaulau

- o - ¢ - - e > - he - X
nauy ﬂﬂlﬂaﬂﬂ‘l‘[ﬁu LADST Lﬂuu.uuu':‘n"maumnuﬂuﬁﬂﬂnm‘huﬁﬂ')L'ua‘ﬂnﬂa [2h\171

i

P v
§.4.1 NATDURIITIBAUBITEUL

, v

o v - o ¢ g
tanqnualnazudSunnussszuy £, = 250 Hz sz ldsunsy ta13 Ltaas
z (X} [ ¢ « ¢ - e [ -
Aavlan N = 2 avdas1oeedBlasa tdeaunin tna t2es Laanmgn (Ka@ iy 9 Fedezla

- A . o« e - »
DAY Hﬂlﬂla\‘l%ﬂ tm1ny 18 URZAZIULTITAULBIUBD LADST <au /_u‘mn‘lu'mﬂn u]u

mm = foz 6 x N = 250 x 6 x 2 = 3000 =au/undl

L)

-l - - o9 ¢ - T - e S S 4
($1]) fo = asuidounduiilaeniiteoani lad tnesunniaradudauaud uaz N = 2

U2 ' . xs -
dvlufisn1azdan (steady state condition) UD LADITITMYUAIBAIBLIIAY

N - )\ A _ 'A - - L » b ¢ e
fi 3000 sauAsuR uas@iShean ladirei uunyudmma Sudanautadans usd- L ras aylu
b ar hy ’ - I ) g D
saulaundunavgiezadiedggnateavinidaaiud tnAy S00 Hz  wazwmnasdsshusuusslya-

¢ Yol g ’ w~ & T -~ ) .
unsuiailtaasinels N = 2 nvuuﬂ11uﬁdnunnu (fo) Iz 250 Hz #visisrwaan

é '1" A e Cala * 'v
) NUZ LAGNATUNATNUAIL L] LnINY

asvwavla lasloeosdlaslalSnaudvesdagna £

. . 3 L. - )
4 ms. ﬁvuﬁnv1ﬁnﬁ1wﬁvﬁumavqﬂagmnﬁ1:§aﬂ Ao fi = fo iy 250 Hz  dwusavlugy

o - o e ey . e
7 5.7 (nS29199zasiewaunzu(I2Tauvevuniaesd1agh 3000 Ssunaunit nIalunsaudu

Tdumasnla)



- 73 -

P
Ay :
e s«w% E)

g

L

;

I

S ANE e .

TR

3

e

eI

ST
£

L

)

o
Y

e

aavszuy £.=250 Hz

-4
taualutdunn

-
Lua

UWHEANNITNATAUNNIS ANTaDaA

7

-
sua s

N=2

QFlaasaun

v

v

Tusunsutan

-
=N

n) awm

250 Hz

-~

tmany

<
[asA

Tlunaz wer

oy

2} nr1InvuYya



!
- « d - - *
<2l 5.8 RanauFUBVA3IINLSIYBVUD LAET LUa N wWRsuAisan 2 1y

ulu 3 mldaa A 2 Suqd

"l s ‘; > .I.(-‘%g;

| V32V N=3 I..—

[ J——
v
'
'

pry - - - - -
zl.l“ 5.9 udavusuau La’\ﬂﬂﬂﬂﬂ\i‘[ﬂ‘lﬂﬂﬁ‘nﬂ LABT LI]RNUAN 1999

Ay 0.4 Su N



- 75 -

$5.4.2 naTau nawaua’ua\:i'mm:ua\ng_ﬂ

3

ol - >
tuaﬂaﬁuﬁauunuav1=uu fi = 250 Hz aA9idy nsnadsuanaausuavdl
» - g A >, L4 4 -
nuz (transient response) wavannisinhla Taslnldsunsuieidiasswisuxiadenn 2
1 - of o g a g J < -
Yy 3 tHEQURAaUFUEYAIIN LSILBVUB LAY TIND LRI LWRLUuAILULII9IN 3000 Fou/uAf
L3 ot =) V) i o 4 e "ion -—
1 udunquida asoo seu/uqd nIonanausuavilrvazvasgi - loasnd Lonynaasadasanaln-

- L4 . - - -~ - * L 4
firasuppiiriadudanauosTansuafiioas 9sw<9an soo Hz ldudu 750 Hz 14 -

- . L 4 L[4 L4 - L4

#uNsnasIeFuRanaLTuaviunaiala lastaaaas tanasa@lasladSaan g wdsuudaeit Lan-
- < o ¢ o . - a e ¥ o o i
yuovainladined Tulaznavagiuunumyuifisafivuaiaes ladwga s.s  deazinulasa
- ’ o~ < ¥ o v . -

tinlatlesgnludnuus under damped uazw-unsadanladunaquilduyn (fi) TR Y-

- - . ' e - - M Py - . ¢

2 Juqfi dufa lock-up time imfy 2 Fuafl  FIuph 5.9 usavdvieanynlaea ideuay
L o ¢ .v « g - L} . *

grifls taes Tuiind uduius lnaaaviunlqu tzevuaiaes estiulas d capture time tnn

> AY

iy 0.4 Ju #



- 76 -

-
unn_s

.
sqduazSensa

_______ - (Conclusion and Discussion)

e - -~ » b - ¢ * o o ’ an
a1l gdmadudauaudadansusda tras udusudnalu tde uazdoundyluge
o - e . - < ot « 4 3
UBINITATIVAUATIL L1729 ATUD AUy INFaaagrd 9 naan1snassy ua teasinau L1990 ey
o oy . Coa * b ) * -t
A3y uazinasidagianlad nasnhvrusegius taasitivalutIiahgaen 1500 saunau i
- - . -t ~ b . - - - o - L4 J ? ot e *
fiv 4soo ssuasunit (e lrudusurevitrisdufausutadansusia tres Gehuaud (lov inn
-~ é . 7 . - Ny - - ¢ e -
it 10 4 gaznis LAaInTIvIUN 1500 TAUAANIR AN LIITDVYE LAassiinl Ty tnevasetssuna

- g - « * - - -
+ 0.4 % URSANUZAUD LADITTIIATILATIULETT 4500 TOUABUNN vTiA3 U thgvasedssua

t 0.13 % durnaglunmusnueudyla

. o~ - -‘ 4 . - (4 - e - LN - A -
fiaTisdudnuaurslansuaaa tras  uwun1ezdasulagurisundgma theadunissy
S ) . - . . . T iy .
nu davennsduss (o naanyuae ndaundvnevususu ualusauzawiwduay (2uaae
v S 2 0, R —_ - - - Ta” - Pl »
— ypvanaspnaei lge giu laa a3 uas (Fuageiigauad) usauequid (lav tfise 10 4 Juuiula
. . . t 4 .. - - .. - & . [ 4
anifaaqusz (fun (resolution) mauze@l A man 131 tRumruaz tdealngezu Tasluln
S Ly ’ o e .
arula fsunday nIznhlaniuni1TanuuianavnBgaDINIMaY  LRUZTUIALDIUAUS IWUAZIUIY
» -~ ] . L 4 '. J - .- - o . - -~ : -
Avulnuniu Aeznhlnve treesnvqunnau(d2atsela [speed range n37viiu  uazdl
) —~ . - v oo P P4 . .
MU AN ATIATUAR Y LTY 81 131 Inususquiishuaud (lav vt tdusae tina ws teesnes -

. . - l. . . - . . ° J
ﬁﬁuﬂ1ﬁ“ﬁﬂﬁu1ﬂﬂﬁﬂﬂﬁﬁuL{1ﬁﬁqﬁ'750 4aunpu I T 4500 1aunauﬁﬁ URZAITU LNEHIATY

< P A -
NVZAVUAY

. - > - . o ce Py . X v
ﬂHWTUﬂﬁ11ﬂﬂﬁuﬂaﬂﬁ?ﬁ1ﬂﬂuﬂﬁ“ﬁuﬂﬂﬂﬂ“1ﬁuﬁﬂ1lﬂﬁ1u uanﬁﬁnﬂzTiiﬂnu1:uu
L - s - i) 'L - L - tl'
ﬂ1ﬂﬂﬂﬂ1ﬁﬂl11ﬂﬂﬂﬂauﬂLﬂa1uﬂﬂlﬂﬂﬂﬂﬂ%ﬂ Iﬁﬂﬂﬁuﬂﬂﬂﬁ1ﬂﬂﬂﬂ“ Uy 5 UWa3 ENRuNTaly
- - o~ - --- N » v -
Lﬂuﬂﬁnaaﬂﬂmw1ﬁuﬂm1Lﬁa€1u1:uunﬁ11n UWASAUAUATTIU LTIULVUANABRATY 1 1ﬂﬁ1ﬂ tuav

- -~ s 4 - ¥ ., - * hd - ° *
Qﬁﬂu1ﬁ1ﬂauﬂﬂ“ﬂuﬂﬂﬂﬂﬂ1ﬁuﬂﬁ1lﬂB{Iﬂ1uﬂﬁ1ﬂmuﬁ1ﬁﬂlﬂ1ﬁﬂ1ﬁﬂﬂﬂﬁU nﬂ11un1u1u1:uuﬂﬁ



- LAV B . ’ > & o
faaulage uazgasdgly tlunts Inansansnyuzevue tnasatslananagey uanantudy

-~ Yo L8 4
grusadsvdgeindaasauidasonluszeznavlnalaase



- 78 -

At nssudssner

v ¢ - e = o~ ‘ol v ¥ .
HuAavuazISuuarsuq sf.as5. lodu  dsusTrdom p1a1ssil a1 la lnat-
o & . - as bl > N
uu:uﬂannﬂmﬂsﬂLanﬂ11ﬂ1:naun151?u<ua:ﬂduunﬂmnﬂqﬂﬁssnmﬂv 9 lun3%dy audszdn
.
€ ¥ - - -l'-l"'. . ¥ - -~ Zﬁ
HATILSANIEH UART UDDBUAM AS.ALUBR  USU W alaahuuzuhaunged lun1s3dsase
-
ny
& . AT ¥ e fa - x g
fnnvyavsuAa Ayt iloved  Aladsfuninenfivust euraviuleussy

Y

L4
Anlssavn



- 79 -

g -
taN{¥IS81v98v

1. STEPHENSION, J.M. : "New low noise tachogenerator”, Proc. IEE; 116, (11),
PP.1881-1983, 1969.

2. LAJOIE, P.A. : "The incremental,encoder an optoeleétronic commutator"®,
Proceedings of the 2nd annual symposium on incremental motion cotrol
systems and devices, University of Illinois, PP.61-63, 1973.

3. STREATFIELD, C.G. : "A digital tachometer using commercial counter", .Int.

/

J. Electr. Eng. Educ., PP.217-220, 1971. .

4. OLIVER, F.j. ; "Practical Instrumentation transducer" (Hayden) PP.101-102,
1971.

5. JANI, M.A., and AHMAD, W, : "A digital technique for the measurement of
angular speed", IEEE Trans., IECI-23, PP.102-103, 1976.

6.. _PONSTINGL, J.C. .: "Digital tachometer generator systems", Ibid,, IGA-2,
PP.65-76, 1966,

7. "Magnetic pickups (transducers) gt work". Airpax Controls Division, Ft.
Lauderdale, Florida, bulletin, PP.510-674

8. REHMAN, M. and MURIT, V.G. : "A New Capacitive speed transducer" J. Pyys.
E : Sci., Instrum., Vol.1l3, PP.655-657, 1980.

9. PREMPRANEERACH, Y. et al, "New Inductive speed transducer" IEE Proc.,
Vol.129, Pt.D, No 1, PP.30-34, 1982.

10. SAWHENY, A.K. : "Electrical and Electronic Mesurements and Instrumentation",
PP.718-806 and PP,998, 1981.

11. PRIDHAM, GJ. (ENfield college of advanced Technology) : “Analysis of
feedback oseillators”, Electronic Engineering, PP,285-287, 1968.

12. VISKANTA, V.Z. : "A Study of Rotary Speed Measuring Techniques" ARMOUR

RESEARCH FOUNDATION REPORT, Feb. 1960,



13.

14,

15.

16,

17,

18.

19.

The.Radio Amature's Han Book PP.25-37, 1966,
GARDNER, F'Mf : "Phase:lock Techniques" New York : John Wiley and Sons,
Inc; 1966.
MOORE, A.W. : "Phase—lockéd loops for motor-speed Control". IEEE spectrum,
Vol.10, PP.61~67, 1973,
NASH, G. : "Phase-locked loop design fundaﬂentals" Appl. Note AN-535
Motorola Semiconductor éroducts Inc. Phoenix Ariz 1970,
DANA, F. GEIGER, : "Phase-lock loops for DC. Motor Speed Contorl" John
Wiley and Son, 1981. . ¢

P o
BOSE, K. and JENTZEN, J. : "Digital Speed Control of a DC. motor with
phase-locked loop Regulation" IEEE Trans. Ind electron & Contr. instrum,
Feb. 1978. . ) ‘ -
SINHA, N.K. and BAILEY, N.H.  : "Speed control of a DC. servomotor using

pPhase-locked loop" : Some test results oan Practical’design IEEE Trans.

Ind. electron & Contr., instrum, Feb., 1976.



ftach
GH

13

- 81 =
NIANUIN , s

current gain
Qoltage gain
capacitance of the detector
diameter of the coil
transfer function of low-pass filter circuit
input frequency
feed back fréquency
frequency of the Fachometer
loop of transfer function
thick éf thé coil
_common-emitter forward current traﬂsfer ratio with output
short—circuiéed to a.c.
common-emitter input impedance with output short-circuited
to a.c« -
q
common—emitter output impedance witb input open-circuited
to a.c.
common-emitter reverse voltage transfer ratio with input
open circuited ts a.Ce.
signal current through Ll
loop gain
forward path gain
amplifier gain

phase detector gain

motor back emf constant
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coupling coefficient when the tooth of the slotted dise is

clear of the air-gap between the coils of the air core

transformer

division factor of divider in feedback lo;p
coupling coefficient of air core transformer
self inductance of L1

self inductance of L2
length of the coil

modulation index

v
-

mutual inductance when the tooth of the slotted dise is clear
of the air~gap between the coils of the air core transformer

mutual inductance between I.. and L

2 2

counter modulus
number of teeth in dise
resistance of L1

resistance of L2

input resistance of the Jscillatof
base spreding resistance
base-emitter junction voltage
collector-emitter junction voltage
detected output

rms. base~emitter junction voltage
modulated output

output voltage of transducer ciréuit
oscillator output voltage

instantaneous value of the base-emitter voltage

primary impedance of air core transformer
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ratio of the tooth width to tooth pitch
instantaneous phase of input
instantaneous phase of output

angular velocity of the motor shaft
angular oscillation frequency

‘angular velocity of the tachometer

mechanical time constant of dc motor
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DETECTOR

MC4344 » MC4044 -

The MC4344/4044 consists of two digital phase detectors, a charge-
pump, and an amplilier. In combination with a voitage contralled
multivibrator (such as the MC4324/4024 or MC 1648}, it is usefut
in a broad range ol-phase-locked loop applications. ‘The circuit
accepts MTTL waveforms at the R and V inputs and generates an
error voitage that is proportional to the frequency and/or phase
diflerenc» of the input signais. Phass detector #1 is intended for
use i qverEion reyuiviey SUS teqQuency and phasa difierance at tnok,
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MC4344, MC4044 (continued) )

MAXIMUM RATINGS

Rating N Value ‘- Unit .
Supply Operating Voltage Rangs MC4a344 451055 vde
MC4044 475105.25
Supply Voltage 17.0 Vde
input Voltage 55 Vde
Qutnut Voitage 55 . Vde
Qperaung Tempersiure Range MCa344 -55t0 + 128 oc.
MC4044 Qo 15
Storage Temperature Range  Ceramic Package 65 10 + 150 cc
Plusuc Package -55 to + 125
Maxnuum Junction [emperatuse MC4344 115 oc
* MC4034 +150 !
Thermal Resistance - Junction ToCase W yc} octinw
Flat Ceramic Package 006 ¢
Oual in-Line Cerarmic Packagn Qus
Plastic Package 0.07
! Therinal Resistance - Junction o Amnient # j7) - . OchnwW
Flat Ceramic Package R ‘02
Oual tn-Line Cerarnic Package 0.15
Plastic Package 015 i
‘ . CONTENTS
Page Page
Qperating Charactenstics 3 Spurious Quibuis 10
- Phase-Lbckmd Loop Compunents 6 Addoional Loop Filtering 11
~ General 6 Applications tnlonmanun 14
Loop Filter 7 . Freyuency Synthesizers 14
Desgn Pr and Thau Solutiéns ™ 79 ™ =~ Clock Recovery from Phase Encodmi Data 16
Oynami: Ranye 9 Pack age Ouncnnions 20
OPERATING CHARACTERISTICS
- ’ - .
Operation al the MCA344/4044 is best explained by FIGURE 1 - PHASE DETECTQR #1 FLOW TABLE.
initially considering each section separatety.  1f phase de-
tector #1 is us«d, loop lockup occurs when hoth owtputs
U1 and O1 remain high.  This occurs only when all the
negative transitions on R, the reference input, and V, the
variabie or feedback input, coincide. The circuit responds A o= — Ul
only to transitions, hence phase error is independent of - Phase
input waveform.duty cycle or amplitude variation. Phase D:‘:"‘:m .
detector #1 consists of sequential logic circuitry, there- v o " - 01
lore operation prior to lockup is determined by initial
contlitions,
When operation is initiated, by either appiying power
to the circuit or active input signals 1o R and V, the cir- '
cuitry can hu.u‘l one ol several states, G'wcn any particular AT vl RV AV
starting conditions, the tlow table of Figure 1 can be used ur | Ot
N . . . s 00 0t 11 1-0
to determine subseyuent operation, The flow table indi-
cates the status of J1 and D1 as ihe R and V inputs are ‘;' ‘g, (::;, ';'. g :
varied.  The numbers in the table which are in pareatheses 151 [ T 8 1 1
are arbitrarily assigned labels that correspond to stable : “';' (;I :; : :
states that con result for each input comhination. The 1 2 7 1) 1 1
numbers without parentheses reler to unstable conditions. oy | o | 0 r 1 0
: N s 6 || ua 1 0
Input changes are traced by horizontal movement the
table; alter wach input chaage, circuit operation will settle .
in the numbered siate indicated by moving horizontally
to the appropriate R-V column. Il the numnber at that
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MC4344, MC4044- (continued)

""FIGURE 2 — PHASE DETECTOR #1 TIMING DIAGRAM
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location is not in parentheses, move vertically to the num-
ber of the same value that is in parentheses. For a given
input pair, any one of three stable states can exist. As
an examele, if R = 1 and V = Q, the circuit will be in one
of the stao’e states (4), {8), or (12).
Use of the table in determining circuit ,operation is
“illustrated 'in Figure 2. In the timing diagram, the input
to R is the reference frequency; the input to V is the same
frequency but lags in phase. Stable stata {4} is arbitrarily
assumed as the initial condition. From the timing diagram
and flow table, when the circuit is in stable state (4),
outputs Ul and O1 are 0" and 1" respectively. The

“Thext inpdt state is R-V = 1-1: moving horizontally from

stable state {4} under R-V = 1.0 to the R-V = 1.1 column,
state 3 is indicated. However, this is.an unstable condition
and the circuit will assume the state indicated by moving
vertically in the R-V = 1-1 column to stable state (3). [n
this instance, outputs U1 and D1 remain unchanged. The
input states next become R.V = 0-1; moving horizontally
to the R-V = 0-1 cofumn, stable state {2} is-indicated.
At this point there is still no change in U1 or O1. The
next input change shilts operation to the R.V = 0-0 col-
umn where unstable state § is indicated. Moving vertically
to stable state (5), the outputs now change state to Ul-
D1 = 1-1. The next input change, R-V = 1.0, drives the
circuitry to stable state {8), ‘with no change in U1 or O1.
The next input, R-V = 1.1, leads to stable state {7} with
no change in the outputs. The next two input state changes
cause U1 to go low between the negative transitions of R

and V. As the inputs continue to change, the circuitry
moves repeatedly through stable states (2), (5), (8), (7}, .
(2), ete. as shown, and a pericdic waveform is obtained
on the U1 terminal while O 1 remains high.

A similar result is obtained if V is leading with respect
to R, except that the periodic waveform now appears on
D1 as shown in rows e-h aof the timing diagram of Figure 2.
In each case, the average value of the resuiting waveform
is propartional to the phase difference between the two
inputs. In a closed loop application, the error signal for
controlling the VCO is derived by translating and fiitering
thesa waveforms.

’ — —The results obtained when R and V are separated by

a fixed frequency difference are indicated in rows i-I'of
the timing system. For this case, the U1 output goes low
when R goes low and stays in that state until a negative
transition on V occurs. The resulting waveform is similar
to the fixed phase ditference case, but now the duty cycle
of the Ul waveform varies at a rate proportional to the
dilference frequency of the two inputs, R and V, It is
this characteristic that permits the MC4344/4044 to be
used as a frequency discriminator; if the signal on R has
been frequency modulated and if the loop bandwidth is
salected to pass the deviation frequency but reject R and
V, the resuiting error voitage applied to the VCO will be
the recovered modulation signal.

Phasa detector #2 consists only*of combinatorial logic,
therefore its characteristics can be determined from the



MC4344, MC4044 (continued)

' FIGURE 3 -~ PHASE DETECTOR #2 OPERATION
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simple truth table of Figure 3. Since circuit operation
requires that both inputs to the charge pump either be
high or have the same duty cycle when lock gccurs, using
this phase detector leads to a quadrature refationship bz-
tween R and V. This is.illustrated in rows a-d of the timing
diagram of Figure 3. Note that any deviation from a fifty
percent duty cycie on the inputs would appear as phase
error,

Wavelorms showing the operation of phase détector
#2 when phase detector #1 is being used in a closed loop
are indicated in rows e.j. When the main loap is locked,
U2 retnains high.” 1f the loop drifts out of lock in either
direction a negative pulse whose width is proportional to
the amount of drift appears on U2, This can be used to
generaie o simpiv foms of fook ediearnor,

Operation of thd charge punmip is best explained by con-
sidering it in conjunction with the Darlington amplifier
included in the package {see Figure 4). There will'be a
puised waveform on either PO or PU, depending on the
phase-[requency relationship of R and V. The charge pump
‘surves o invert one of the input wavelorms {D 1) and trans-
lates the voltage levels belore they are applied to the loop
filter. When PO is low and PU is high, Q1 will be conduct-
ing in the normal direction and Q2 will be off. Current
will.be flowing through Q3 and CR2; the hase of Q3 will
be two VBE drops above ground or approximately 1.5
volts, Since both of the resistors connected to the base
of Q3 are equal, the emitter of Q4 (base of Q5) will be

PO

Oto—myg

1pg Qt
ok

PU CH}
Ute N -
4

approximately 3.0 volts, For this condition, the emitter

af G5 {GF1 wWin ha one Ve Leiuw
2.25 voits. The PU input to the charge pump is high
(> 2.4 volts) and CR! will be reverse biased. Therefore
Q5 will be supplying current to Q6. This will tend to )
lower the voltage at the collectar of Q7, resuiting in an
error signal that lowers the VCO.lrequency as required by

"a “puinp down” signal.
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54/74192
54LS/74LS192

‘UP/DOWN-DECADE COUNTER
(With Separate Up/Dcwn Clocks)

DESCRIPTION — The '192 is an'up/down BCD decade (8421} counter. Sepa-
rate Count Up and Count Down Clocks are used and in either counting mode
the circuits operate synchronously. The outputs change state synchronous
with the LOW-to-HIGH transitions on the clock inputs.

Separate Terminal Count Up and Terminal Count Down outputs are provided
which are used as the clocks for a subsequent stage without extra logic,
thus simplitying multistage counter.designs. Individual preset inputs allow
the ‘circuits to be used as programmable counters. Both the Paraliel Load
(PD) dnd the Master Reset (MR) inputs asynchronously override the clocks.

PINCUT A

CONNECTION DIAGRAM
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LOGIC SYMBOL

1115 1 10 ¢

bl 1]

IO— 12
o— 13

ORDERING CODE: See Section 9 PL Pe Pi Ps Pa
§ ==y CPy TCu
pIN |_COMMERCIAL GRADE] _ MILITARY GRADE | | e .
PXGS Veec = +5.0 V £5%, Vee = +5.0.V £10%, ., .4 =—CPo L
' OUT! 1 =0°Ct0+70°C | Ta=-55°Cto+125°C | """ E MR Qo0 0 %
Plastic. s . ) . l I { I ‘
DIP (P) A | 74192PC, 74L5192PC 98 3267
gf:(g;c A |74192DC, 74LS192DC | 54192DM, 54L51920M | 6B Voc = Pin 18
- — o GND =Pin 8
Flatbek | A | 74192FC, 74L5192FC | 54192FM, 54LS192FM aL

INPUT LOADING/FAN-OUT: See Section 3 for U.L. definitions

54/74 (U.L.) 54/74LS (U.L.)
PIN NAMES DESCRIPTIOPI HIGH/LOW HIGH/LOW
CPuy Count Up Clock Input 1.0/1.0 0.5/0.25
(Active Rising Edge) '
CPo Count Down ClockArput 1.0/1.0 0.5/0.25
(Active Rising—E{ge)
MR Asynchrofious Master Reset Input 1.0/1.0 0.5/0.25
_ (Active HIGH)
PL Asynchronous Parallel Load Input 1.0/1.0 0.5/0.25
(Active LOW)
Po—Pa Parallel Data Inputs 1.0/1.0 0.3/0.25
Qo—Qa Flip-flop Outputs 20/10 10/5.0
(2.5
TCo Terminal Count Down (Borrow) 20/10 10/5.0
Output (Active LOW) (2.5
TCu Terminat Count Up (Carry) 20/10 . 10/5.0
Output (Active LOW) (2.5)

ez




FUMCTIONAL DESCRIPTION —The "192 and "193 are asynchronously presettable decade and 4-bit binary
synchronous up/down (reversible) counters. The operating modes of the '192 decade counter and the '193
binary counter are identical, with the only ditference being the count sequences as noted in the State Diagram.
Each circuit contains four master/stave flip-flops, with internal gating and steering logic to provide master reset,
individual preset, count up and count down operati_ons. .

Each flip-flop contains JK feedback from slave to master such that a LOW-to-HIGH transition on its T input
causas the slave, and thus the Q output to change state. Synchronous switching. as op posedto ripple counting,
is achieved by driving the steering gates of all stages from a common Count Up line and a common Count Down
line, thereby causing all state changes to be initiated simultansously. A LOW-to-HIGH transition on the Count

Up input will advance the count by one; a similar transition on the Count Down input will decrease the countby .

one. While counting with one clock input, the other should be held HIGH. Otherwise, the circuit will either count’
by twos or not at all, depending on the state. of the first flip-flop, which cannot toggle as long as either Clock
input is LOW.

The Terminal Count Up (TCu) and Terminal Count Down (TColoutputs are normally HIGH. When a circuit has
reached the maximum count state (9 for the *192, 15 for the "193, the next HI GH-to-LOW transition of the Count
Up Clock will-cause' TCu to go LOW. TCu will stay LOW until CPy goes HIGH again, thus effectively repeating
the Count Up Clock, but delayed by two gate delays. Similarly,_t_tle TCop-output willgoLOW when'the circuitisin,
the zero state and the Count Down Clock goes LOW. Since the TC outputs repeat the clock waveforms, they.i:an'
be used as the clock input signals to the next higher order circuit in a muitistage counter. )

_. TCu=QoeQs*CPu _
TCo=Qo* Q1+ Q2+ Q3¢ CPp

Each circuit has an asynchronous parallel load capability permitting the counter to be preset. When the Parallel
Load (PL) and the Master Reset (MR} inputs are LOW, information presen‘t on the Parallei Data inputs(Po — Palis
loaded into the counter and appears on the outputs regardless of the conditions of the clock inputs. A HIGH
signal on the Master Reset input wiil disable the preset gates, override both Clock inputs, and latch each Q
output in the LOW state. If one of the Clock inputs is LOW during-and after a reset or load operation, the pext
LOW-to-HIGH transition of that Clock will be interpreted as a IeQitimate'signal and will be counted.

LOGIC DIAGRAM

L Po Py P2 A
LOAD -
(LOAD) o, - - - L e, -
D : )
CPu (CARRY
. (up OUTPUT)
COUNT) ) :>°_
v v
o4 Soq ®oq
T -
Co Coc CDG
’ Q i

[ D—TCo

CPp —{>o—
MR —>




MODE SELECT TABLE

MR | PL]CPu| CPo MODE
H X X X Reset (Asyn.)
L L X X Preset (Asyn.)
L H . H H No Change
L H g H Count Up
L H H | 4 | CountDown

.H = HIGH Voitage Levei .
L = LOW Volitage Level
X = immaterisi

STATE DIAGRAM

DC CHARACTERISTICS OVER OPERATING TEMPERATURE RANGE (uniess otherwise specified)

SYMBOL PARAMETER S4/74 | S4/74LS | ynirs CONDITIONS
Min Max| Min Max
e Output Short XM | -20 -65| -20 -100 _
los Circuit Current XC | -18 -65| -20 -100 mA Vee = Max
XM 89 34 Ve = Max; MR, PL =-Gnd
lcc Power Supply Current XC 102 as| ™A Other Inputs = 4.5 V

AC CHARACTERISTICS: Vec = +5.0 V,

Ta = +25°C (See Section 3 for waveforms and load configurations!

54/74 54/74LS

SYMBOL PARAMETER CL=15pF| CL =15 pF| UNITS CONDITIONS

AL = 400 )}

Min Max| Min Max
fmax Maximum .Count Frequency 25 30 MHz Figs. 3-1, 3-8
tPLH Propagation Delay 38 31 ns
tPHL CPy or CPp to Qn 47 28
tPLH Propagation Delay 26 16
tPHL CPy to TCu 24 21 ns Figs. -1, 3-5
tPLH Propagation Delay 24 16
tPHL CPp to TCo 24 24
tPLH Propagation Delay ' 20 . }
tPHL Pn to Qn 10 ns Figs. 3-1, 3-5
tPLH &:opagation Delay™ 40 32
PHL PL to Qn : 40 30 ns Figs. 3-1, 3-16
tPHL Propagation Delay, MR to Qn 35 25
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AC OPERATING REQUIREMENTS: Vcc = +5.0 V, Ta = +25°C

SYMBOL PARAMETER SUT4 | S4/7ALS | ynits CONDITIONS
Min -Max | Min Max

ts (H) Setup Time HIGH or LOW 20 20

1 (L) Pn to PL 20 10 ns Fig. 3-13

th (H) Hold Time HIGH or LOW 0 3.0 CPy = CPp = LOW

th (L) - Pnto PL 3.0 3.0 \

tw (L} CP Pulse Width LOW 20 17 ns Fig. 3-8

tw (L) PL Pulse Width LOW 20 20

twe (H) MR Pulse Width HIGH 20 15 ns Fig. 3-16

trec Recovery Time, MR to CP 6.0 3.0

trec Recovery Time, PL to CP 6.0 10
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A NEW DIGITAL SPEED TRANSDUCER
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ABSTRACT

‘A new digital speed transducer sgitable for accurate measure-
mennt and control of angular. speed is ;escribed. This transducer pro-
vides a simple method of speed measurement, using a thin s}otted alumi-
nium disc coupled to the rotating shaft, The slotted disc rotates in
the air-gap of a separate winding of two coils which conséltute an air
core transformer of a tuned collector oscillator, altering the coupling
coefficient of mutual inductance of the air core transformer by its

'shielding action. This results in a variation of feedback, causing the
osclliation amplitude to be modulated in a cyclic manner at a rate
proportional to the angular speed of ghe rotating shaft, The output
of the oscillator is demodulated, filtered and shaped, giving a pulse
signal whose frequency is a measure of the angular speed. The impor-
tance of this measuring method lies in the negligible load imposed on
the rotating body under test and the very wide speed range measurable
Besides, it offers a reliable, low cost, and compact device, which can
be.used as a digital tachometer for the accurate control of speed in
conventional schemes,in phase-locked loop or sensing applicaticns,

Circuit details and.éiperimental results of this transducer are presented.
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LLIST OF SYMBOLS

g

ie

re

fe

oe

R

1

= capacitance in a collector tuned circuit

= common-emitter input impedance with output short-circuited

to a.c.

common-—enmitter reverse voltage transfer ratio with inguf
open-circ;ited to a.c.

common-emitter forward current transfer ratio with output

short—circuited to a.c.

common-emitter output 1mpedancg with inp&t open~cirruited
to a.c.

coupling coefficient of the air-—core transformer

pfimary coil of the air—core transformer

secondary coll of the air—core transforcmer

mutual inductance of the air-core transformer

moduiation index

nunber of teeth in the disc

resistance of the primary coil of the air-core transformer
resistance of the secondary coil of the air-core transfoérmer
collector-emitter junction voltage

instantanqous a.c, oscillating voltage

base-gmipter Junction ;oltage

instantaneous value of the base-—emitter voltage

detected output

output voltage of the transducer circuit

= modulated output

anqular oscillation frequency

angular velocity of the motor shaft

ratio of the tooth width to tooth pitch
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1. INTRODUCTION

In inadustrial conérol systems, the accurate me;surement of
angular speed in digital form is required in many iAstrumentation and
control applications. The digital meth;ds;proximate sensor is used for
detection magnelic ar electrostatic fileld or light, and many transducers
{sensors), the ﬁagnetic sensor [1—2] capacitive sensaor [3-5] and optical
sensor[ﬁ-s] hav; been developed. Optical sensors, in particular can
measure motor speed without contacting the rotating shaft and are very
useful for the speed measurement of small servomotors, very low .speed
measurement, and’for rotation analysis, Y. Prempraneerach has recently
developed a new inductive spe;d transducer [9 ]thatiderives an amplitude
modulated output from the rotating shaft to which is attached a slotted
#luminium disc, Its output is demodulated and filtered, giving:a voltage
signal whose frequency 1s proportional to angular speed of the rotating
shaft, Téis tecgnique'requires no mechanical coupling or contact between
the motor shaft and ‘transducer and imposes & negligible load on the rota—
ting shaft under test. The resulting advantages are Qimilar to those
of an optical transducer, However, there are some disadvantaqges in
the new inductive speed transducer since it includes an iron core,
theré %s core loss when external frequency excitation LF over 20 KHz,

As a result the measuring speed range is limited. Because of the iron

core, transducer size and weight cannot be small,

The proposed technique is a new digital speed transducer which
oyercomes the above difficulties. This transducer consists of an aire

.core transformer of a tuned collector oscillator requiring no external
iriput frequency excitation and can cperate at a frequency more than

50 KHz. without core loss. Thus fts measuring speed range can be
increased and it offers a simple, low cost, light weight and compact
device. It also has the sdvantage of imposing less load on the test
object because the rotating disc is not attached to the transducer and

it i« hardly affected by electromagnetic forces or eddy current damping.
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This system comprises a simple air core transformer and a slotted
aluminium disc which is positioned in the alr-gap of the separgte win—
dings of two coils of the transformer, actinghas the'positive feedback
path of a tuned collector oscillator: The slotted disc attached to the
rot;ting shaft has it teeth moving in and out of the air-gap of the air
core transform;r, thereby causing the oscillation amplitude to be mo-
dulated in a cyclic manner. The modulated output of the oscillator
circuit ig demodulated, filtered and shaped, giving rise to a pulse
signal, whose frequency is proportional to the angular speed. Such a
transducer makes a highly simpli%ied transducer system. It can ke used
for a typilcal incremental motion control or in phase-locked loop speedi
control, Moreover the output of the tuned collector oscillator is

amplitude modulated at high frquency which may be addantageous in case

of remote measurement,

2, PRINCIPLE OF THE TRANSDUCER

The arrungement of the transducer as a tuned collector oscil-

lator is shown in Fig. 1. The operation of a tuned collector oscillator is
based on the inductive effect of the-collector tank circuit and magnetic

coupling of the collector and base coilla., The positive feedback via the
mutual inductance between the colls develops un alternatlng base current
of sufficient magritude to produce enouqh a.c. power in the collector to

overcome the loss in the tuned circuit.

The tuned collector oscillator may be analysed by using the

equivalent circuit shown in Fig. 2. From the diagram
hfer - Ih + Ic + IL ceeseeall)

I
h “C
et = =L (R+yJWL) +JWwMI ......(2
ce hoe jO%F1 L 1 o1 - o o} E

- ¢
o Ib Bia* e vce’ Ib (R2+ 3 UOL2) + 3 WHM I eeceeeaenald)

Voe = Ry + JW L) I +3uMI cecaccecaaald)
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The number of terms in these equations is rather large but certain

approximations can .be made tc simplify the algebra.

(1) Sirce Ib is small and M-1is usually much less than L1 the
tennju%HIb may be ignored.

(2) h is small and to a first approximation the term h_V
re ) re ce

may be omitted. .

(3) R2 is usually negligible compared to hie

(4) h . is-much less than jwe, or 1/ (R + j(JoLi)

Using these approximations the above equations may be simplified

to
hfe Ib = IC I cecsscnsal5)
e
Vce - ETB—E_ - (R1+ jLJOLl) IL cenesseaslB)
o1
- M IR & )
0 Ib (hie* 3 Q%LZ) *Jwg I
- : M ceesssealB)
Vpe = Tp J WLyt JWSM T,
From equation (6), (7) and (8)
h

le
v -
be (Rf juoLl) (hie’ jucLz)

jw MV esssatd)
o ce

The v - VC' coscgot is the instanteneous a.c. oscillating voltage
ce J

developed at the collector which has operating frequency

1
w, = fﬁ: PP s o) |
Q 171 .

The minimum mutual inductance for oscillation can be solved from equation

(5), (6) and (7)

easssassasll1l)

Thus the alternating base-emitter voltage requived to sustain the oscillation

condition is

hie

v -
be (R1¢ juooLl) (hie’ jLJOLZ)

PP &
jqumin vce cosw t 2)
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The amount of feedback 1s controlled by the mutual inductance between Li
;nd L2' The coupling coefficient is adjusted to give the required mutual
inductance. A decrease in the coefficient of coupling.decreases the
feedback and is caused by the shlelding action of th; slotted aluminium
disc pcsitioned in the air-gép of the air-core transformer. The slotted
disc with n teeth as in Fig. 3 (a) has its teeth moving in and out of the
air-qap. As a result t?e effective coupling coefficient of the air-core
transformer varles periodically due to the shielding action of the
slotted disc.

The effective coupling coefficient variation expected may be represented
by the trapezoidal waveform shown in Fig.3 (b) but due to hiéh Q tank
circult and fringing effect, the actual variation obtained is shown.by
broken flnes. Then the-amplitude modulation can be expressed in the

form of the base-emitter voltage as

hie vce ] 95“ ()

be (R1¢ jwoLl) (hlec j(.ooLZ)

cosw_ t eveesas(13)
o

hie Vce J‘Jc ‘LILZ

be (R10 "woL‘l) (hie. jwoLz)

k(W t) cosW t eeeeeal14)
m o

Mo Yee Wo ¥4k is a constant and M (t) -1IL L, k(w t)
2 : i 2 m

where
2 2.2 2 3 1
(Ry *wg Ly) 3 (i + g L) %

is a periodic function having a frequency n:J”/ 21 , where W is the

anqular speed.

Thus equation (14) indicaies that the base-emitter voltaqe of
the oscillator is an amplitude modulated si;e wave, wheée the maqnitu%e
of modulating signal is proportinal to .the coupling coefficient, k (8 ).
The presenée of a disc tooth in the air-gap reduces the coupling k (g)

causing decreased base drive and thus a decreased ampiitude of oscillation

frequengy output. Consequently, the amplitude of oscillation frequency
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output is mcdulated i a cyﬂlic manner at a rate proportional to the
éngulac speed of the rotating disc as shown in Fig. 5., The demodulated
output has a frequency n times the shaft spend per revoluticn.. Its
wave form should- be that of M (t) but due to the tank circuit and the

low pass filters characteristic, the harmonics are attenuated by a higher

amount than the fundamental and the detected cutput (V } tends toward'

a sinusoid for constant speed.

3. TRANSDUCER AND CIRCUIT DETAILS

The transducer circuit shown in Fla.i has details qlven in Table 1.
fhc tuned circuit chould have a high Q to minimize the harmonic current,
and accordingly L1 is made large. The measured inductance of L1 is 0.77 mH
and the capacitance, Cl' should be chosen sufficiently large to minimize
the effects of stray capacitance, but not so large as to reduce the
effective Q of the system, with C1 = 0.01 u¥ ;o that the oscillctor
operates at frequency of 60 KHz,

The transistor selected is a 2N 2222A, which has the parameters,

hiv - 6,8 KQ and hfe = 100 . Then, the minimum valve of mutual inductance

for feedback to maintain the oscillation is;

R, B, -
. S1' Me | 0.01x107° x 765 x 6.8 x 167 | oo
min n 100 )

where R1 = 7.6501 . and the minimum valve of coupling coefficient is ;

Mo -3
« . omin, 0.0052 x 10 - 0.009
min

T
12 \/0.77 x 1072 x 0.36 x 1073

The mutual inductance between the feedback coils of the
oscillator can be varied by variation of the coupling coefficlent. For
this purpose the secondary coil bz is placed on a screw so that its

distance with respect to the stationary primary coil L1 may be varied
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to set the requiced mutual inductonce. when the tooth of thé slotted
disc is clear of the air-gap between the colls of the alr core trans-
former, the mutual inductance is a maximum and Mma; is much la}gc than
Mmin for an air-gag of 3 mm. (coupling coefficjient = 0.14), with shiel-
ding action caused by the presence of a disc tooth the mutual inductance
is decreased according to the size and thickness of the tooth width
with the result that the amplitude of oscillator output is modulated by
different percentages as shown in Table. 2.
The snielding action of the slotted disc neesd not be complete
but serves to give an appropriale modulation index., The slotted dise
.courled to the shaft is made of thin aluminium sheet (1.6 mm, thickness
and 100 mm, diameter) to avoid significant mechanical loading and to
reduce fringing effects.. Such a thin disc dces not significantly add
to-the inertia or mechanical power requirement of the rctating shaft
because of its negligible weight and the exiremely small electromagnetic
forces involved. 'In order to obtain the largest possible swing of
mutual inductance variation, even in the presence of excentricity and
piightly improper alignment, the teeth of the disc must be made larger
than the diameter of the primary coil of the air coré transforner,
Small axial movements of the slotted disc have only a verv minoc effrct
cn the mutual inductance when the shaft is rotating steadily at any
speed. Therefore, we should use a slotted disc having th; ratio of
slot width to slot depth appropriate to the dlameter of the primzcy
coil of the air core transformer, and having a ratio of tooth to slot
which should be taken as 1 (or the ratio of tooth width to tooth pitch,
& , being equal to 0.5) for symmetrical action, so that the cutput
tends toward a sinusoid for constant’ speed,
Table 2 indicates that to obtain a larger modulation index,

the number of slots, n should be decreased. For a given disc diameter

and slot depth, the dctected voltage, Vd may be increased by having
fewer slots. Thils increase in detected voltage is, however, offset by

a8 decrease in resolution, consequent to the reduction of output frequency
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fc; a given speed. To study these effects, three separate 100 mm.
diameter discs, having six, ten and si*kqen slots, respeétively, were
made along with the same diameter of air core transformer, The ratio

of slot width to slot depth was taken as 1.66, 1 apd 0.66 in the three
Cases, respectively, to study its effect on the output voltage and wave-
forms,

4. EXPERIMENTAL RESULTS

Experiments were conducted to measure the magnitude, frequency
and wave form of output signal a£ different speeds. For this purpose,
the slotted disc was coupled to the shaft.of an adjustable speed motor.
The tuned collector oscilliator arrangement for oscillation at 60 KHz is
shown in Fig. 4. 1Its output i's connected to a buffer amplifier before
being fed to a simple.demodulator circult., The demoduiated signal is
nearly sinusoidal and shaped bty a wave shaper providing the output pulse
signal. The frequency of output signal 4is measured with the help of a
digital counter and wave forms are dispiayed on a storage oscilloscope.

‘Table 3 shows the variation of the demodulated voltage with
speed for the three transducers. The ragnitude variation of the demo-
dulated voltage with speeds up to 1500 rum is within 11% for the 6 slot
disc, 0.9% for the 10 slot disc and 0.4% for the 16 slot disc. It is
seen; that the 6 slot disc (higﬁer effective shielding) gives larger
magni tude varlation than éﬁe 10 slot disc, and that the 16 slot disc
(lower effective shieiding) gives the smallest magnitude variation
but is very sensitive to small axial movements of the slotted disc,

Thus the 10 slot disc gives the best result because it results

in small magnitude variation and is iess.sensitige to small axial movements
of its teeth which have a dimension appropriate to the diameter of the
primary coil sf air core transformer. The demodulated outout wave form

is nearly sinusoldai onl} in the 10 slots case. For the purpose of
illustration, the wavefourms at five speeds obtained with the transducer

having 10 slots are shown in Fiq.5. Results show that the demodulated
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output siqgnal is appreclably free of nolse and its magnitude remains

constant within 0.9% up to 150¢ rpm, falling slightly at higher speed.

However, the wave shaper can help to give an output pulse train (Vo)

having a constant amplitude over a wider ranqge of measuring speed. Fig.s

shows the rectangular pulse train of the output signal at a speed‘of 1200 rpm.

5. COMCLUSION

The use of an air core transformer-tuned collector oscillater

in evolving a precision type digital speed transducer is presented.

Trarsducers having six, ten and sixteen slots on a 10C mm. diameter disc

have teen made and tested. Results show that a 10 slot transducer bel:aves

satisfactorily. The frequency of output pulse is accurately proportional

to motcr speed and its magnitude Ls also constant over a range of measuring

speed. Resolution of thig transducer for spend measurement coulid be

increased by increasing the number of slots, with e corresgonding increase

in the output frequency. The motor speed is W = €0 fou‘/n (rev/min)
-
t . Dem 4 ote a £ w
where fout is the frequency output. For n 0 slnte and fout BS (Do /4

speed measurement can be made up to 180 Krev/min. which is mush higher than

measurement speed of the inductive speed transducer&ﬂkbwever with Increasing
oscillation frequency,cdo wlth out core loss efrect high speed measurement can
“e increased. The proposed method is simple, low cost, rellable, high speed
Ineasurement system, and irpooses nealiqivle icad on the rotating member

under test. This method is well suited o dinltal speed measu-ement
escectally in small motors since it requires no detectable mechanical

power from the motor, speed ﬁeasuremcnt can be made from zero, and

control applications invelving iacremental motion control and phase-

locked loop are possible.
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CAPTIONS FOR THE FIGURES AND TABLES

The tuned-collector oscillator
The equivalent circuit
(a) Slotted disc
(b) Coupling coefficient variation
Circuit diagram for anqular speed measurement
Modulated output (Vm5 and demodulated output (Vd)
at various speed with the transducer having 10 slots,
(a) 400 Hz (2400 rev/min,)0.533 V
rms
(b) 300 Hz (1800 rev/min.)0,542 V
rms
(c) 200 Hz (1200 rev/min.)0.550 V
rms
(d) 100 Hz ( 600 rev/min,)0.554 Vrms
(e) 40 Hz ( 240 rev/min,)0.555 V
rms
Modulated output (Vm) and wave shaper output (Vo) at
speed 1200 rpm. with the transducer having 10 slots
Physical dimension of air core transformer
Shieldinj action of different slotted aluminium disc
which have the same tsoth width tooth pitch ratio equal 0.5
at oscillator frequency 60 KHz and air-gap between separate

coils is 3 mm,

Variation of magnitude of demodulatad output (Vd) with

speed for transducers :-6 slot, 10 slot and 16 slot disc

respectively with the same diameter of coil L1 and L2
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Tabie. 1
Physical dimension coil~l coil-2
‘Number of turn ao 200 “2 = 1oy
Inductance of coil Ll = 0.77 wil L, = 0.30 mH
Resiscancé of coil Rl = 7.65 0 !(2 = 3.6 Q
Diameter of coil Dl = 12.5 mu. D2 = 12 am.
Length of coil 1, = 8 um 22 = 4 mm.
X\ . : =1 ;0.
Turn- ratio nl nZ u.5
Air gap between seperate
cnil Ll and coil Lz J mm,
Table. 2
6 slot disc] 10 sloc disc 16 slut disc
Descripeion No. snielding with with wich
thickness thickness thickness
! mm.i'Z mm,{ 1 mmn.| 2 mn. l wmim, | 2 ma,
- ]
Mutual inductance L .
: 0.074 0.0057/0.0053| 0.0082{0,0079 |0.017 | 2.¢i¢
in (m H.) v
Coupling coefficient .14 U.GE JULUL 0016 j0.015 [0.082 ! 0,027
Modulation fndex = 100% =50% =15%
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Table, 3

- Frequency oucput

\’-d'(Vclt) vy( v‘olt) Vd(volt)
(Hz) 6 slot, m=10072 10 slat, m=50% 16 ﬁlu:. m= 152
20 1.299 U. 555 0.202
50 1.259 £.555 0. 252
bl 1.253 0.355 0.202
70 1.242 0.555 0.202
80 12236 6.555 0. 201
$0 1.223 0.554 3.201
" 14g i.2i8 0.554 0.206
12 i.20% 0.553 2.204
140 1.189 03353 4.200
150 1.180 0.552 0.200
166 1.175 0.551 0.200
130 1.163 0.551 9.200
200 1.150 0.55¢ 0. 20y
"230 1.129 0.548 0. 2u0
250 - 0.546 0.200
280 - 0.544 0.199
300 - 0.342 0. lyy
130 - €.539 0.199
.350 - . 0.538 . 198
380 - 0.535 0.198
400 - 0.533 9. 198






