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CPABHUTEIDLHHE CBOUCTBA, OCHOBHHE XAPAKTEPUCTAKU
Il OBNACTY TIPUMEHEHUSI SAEXTPOXMMUYECKMX NMPEOBPA30BATEIE!

A0, fopuEran
HacTuTyT aBTOMATUEN B TeicueXaHuxu, UHocksa, CCCP

PeayapTaToM DacmUPEHNS ¥ YCAOXHEHES 3u4au ABTOLATAYECKO-
ro ynopuBiedud ® KOHTDOLA HBUAOCH BO3KUKHOBEHNE NOTPEUHOCTH B
npoCTHX MANOraGapUTHHX JieMenTaX Akf NOodydeHus, NPeoUpasoBaHNA
B XpaHeHuf XHGOPMAINMN ALA AANTELBHHX HEIDEDHBHHEX WAM AMCKpCTIHX
NPONECCOB NpU HM3KUX YPOBHAX NOIE3dHX CUTUEiOB X (UaM) HUSKLX
4acToTaXe Buank:euneAamnx # HEKOTODHX ADYTEX CHEIM NYECKUX Tpe-
CoBaHuii K 3JeMeHTaM, ysiaM M npuGopad, CBA3AHHHX C HOBHMU 38—
AauamMy aBTOMATHYECROTO HKOHTDOJR ! YHUPABIGHUA, NPUBEUO E TOMY,
YT0 HECHMOTPH- H2 MHTCHCHBHOE Da3BHUTHE BAKYyyuiuo#fl 4 HOAYNPOBOAll-
KOBO#l 3JEKTPOHMKM, 33 NOCICAHAE TOAH 1IDOABMICH UHTEpEC K Npuue=
HEHUD 3JCKTPOXMMUYCCENX HABIACHUE Auf NOCTPOCHUA Npeosipas3oBaTe=
4eily YAOBACTBODADIAX COBPEMEHHHM YCAOBAMAM, B BIEKTPOXUMUYECKUX
sjeuedTax MCHOAL3YOTCH NPONECCH B 3UCKTPOAUTAX (EMANUX Rau
TBEDANX) ¥ B MOAADHHX EMAXOCTAX I . JTU NPONECCH MOPYT GHTH
NOAHOCTHD MAM YACTHYHO OCPaTHMHMI AN NPARKTAYECKU H€E00paTUlib~
MM B CONPOBORAADTCH WIMEHEHMEM KOHICHTDANWil KOUNOHEHTOB pacT-
BODOB, DAacTUBPEHUEM ¥ OCAX4CHNEGM METALIOB, 0GPA30BAHUENM W pa3—
pyueHnend OKCHAHHX ILIEHOK, HepeMeyeHuen RuUiLHocTeli ¥ Ap. B Ha-
CTofllee BpeMA paspa’aTHBap®Cd M YaCTUUHO NDEMEHAOTCH pasHOOG=
pasHHE JJCKTPOXMMAYECKNE Ji6MEHTH Lif BOCINDUATHA BHENHUX BO3=
AciicTBmii, ZJfA yCuNeHUS M NpecOpas0BalNf CUrHailoB, AAS XpaieHus
3HAUCHHA BEAWYUH, Zif CAUOHACTPOHKM, ANCTAIIIOHHOTO W TeiAeyl=-
paB.icHua U Ap. [poBOAATCA PAVOTH IO CO342HNYD YHDABAACMHX
ICKTPOXNUAYECKUX MATDUIN, ACIENTCH NONHTHEA MCHOAB30BAHUSA
QUCKTPOXMMNYECKUX IACMECHTOB AAH8 MOLEAMPOBAHUA OHOJAOrHYECHUX
O0BCKTOB, BCAYTCA MOMCKM JAEKTDOXMUHYSCHAX CHUCTEH M NpPOLECCOB
Hauoonee NPUIOAHHX 4 CO34a:ilf NPSOOP&E30BaLCiCiie

CyuecTBynise SieKYPOXMLNYSCKUS DACUEHTH MORHO NOApasie-
JdNTh HA ABe IpynnH, D 0epByp Ppyuny BXOLAT 24CHCHTH, UucnLue
BHPSESIINNC MpelNyLecIBa Wil OCOULE CBuiiCTBa, OUCCHNGUMBANIUC UX
DDCUNIIeNd0e npuNeHenue ysE¢ B HacTuflgee speMd. (0aa MORHO OT=-
HECTHS

I) muTerpupyniye 24€uMC:TH € BiUsyA.LbHHM OTCYETOM MAM C (o=
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TOAEKTPAYSCKUM KId DASKTPUUYCSCHAN CHHTHBAHUCM,

2) 2JEKTPUYECHIE BHIDSAM. iCABHHE AUOAH 48 QYSHD UAJHX T0=
KOB HM3KON 4YaCTOTH,

'3) AATUMKM NEPEMEHHHX Wi HuNyJAbCHNX LABACHAL & IPaiuciTOB
AOBIGHMII HM3KOA M MHEODAHUBKOE YACTOTH,

4) LAaTUdRd COCTABA HOHAYKTOMETpUUECHME, ralbBaduyecmue 2

4De
CyuecTBEeHHNI uHTEpeC AuA PAAA OCAacTed Npuuesednd npei-

C7aBAANT, B NMEPBYD OYEpeib, SACKTTPOAUTHYCCKUE HUHTEIPATOpHHE

OJCMEHTHS -~ '
E‘“ :70[1/0 Z.‘x (‘f}df‘ @0

rZe - BHXOAHOIi TOK, - Zpeus ero NpoTexauus.

SASKTPOXUMIYECHUS UUTErPATOPHHE 3ASGMEHUTH CYULESCTBEHHO pald=-
Jn4anpTcs N0 CBOMM napauefTpaM ¥ IpaKTUYSeCHUM BO3MOEH0CTAU B 3a=
BUCHMOCTH OT THUNA JACKTPOXUMUYSCHOI CUCTEUH, MCHOABIYSMOT0 (=
gexra u cnocoda cuuruBaHud (Tacd.I).

¥ rasofasHHX UHTCrpajblHX AEOZ0B BHXOAHUHM NAPaMETPOM fAB=
AfeTCA CUENEHNe CLoaduRa daekrpoauta DX B KANL.IAPSe, COAU=
HEDIEHM SJEKTDPOAHHE HAUEDH, 3aI0JHEHHHE BOAODOAOMS:

R T
Ax % p==< | ta:(t)tt ()
QPQSp P
Tae /7 - ZABIEHHIE BOLOPOA3, éir - NOOUaAs NONC E€uHOIr0 Ce=
YCHUA KaluAnapa, ) = EOHCTaHTa NpuJopa.
Xapakrepite NapaNeTpH Io30(as3HHX 2iCLSHTOB CM.E Tal0l.2.
Taiue asaeeHTH BHOYCKANTCH MPOLHILICEHOCTBN.
OxucanTeabil0~E0CCTaHOBUTELbHE] NPONSCC 'Ha PALOUUX SJASKT=
POAAX H¥ KOA3HHX UHTErpaTOPHHX DJEMEeHTOB UpOTEEas? DO CXCM®

A+ne = A,
A,-ne = Ay (3)

rie A., -~ QLUCABHHAS I /42 = BOCCTQIOBICHHSR (00U KOLIIO=
HGHTOB PACTBOPA. JLif TUILIYHHX YCiOBUi, KOPLE CEOpOCTH NpOHSC-
Ca 0MPEACHACTCA NMPAETUUCCKY TO.BEC AU ysueldl K KaTOoAy gopuu A,
HOHNEHTPAUMOLUAR D.4sCe HA BHXOAS UHTEIDATODHOTO AUHOAA ONDC=

£eI4STCH N0 YDaBHEHIDS
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4AeCh SK = CYLMADHAS OXBUDG..C.TUAR LiVJdLb NOZE SYILIU CO=
Youitl EANBLIAY0B SCPCPUDOLAERg DUSACLADUCH KuTOAUyD @ ANOLHYD
wuepdy € = T084BH8 NESPOPUPOAEU.

JHEXOANOE NOpGMET) ENLEOLGUHLY TPROLOB & TOTPU.LOB = 0B

SR youa I HOZAY QHOL0M MATCI GYURIOTY JUCJCHTa & Cule
JLDUDMN OUCHTPOLUM B il dul HOUC 84 40 wulopuld O0LUELCH Udw
PUNAICADAOC CuCUouN0 T LEQ X6 QBICLICTUEAS ;
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HacTynaeT HacHuEHN® W NpejeibHNll TOK Audiysmus

it et FDC,, Sea
A ch (11)

B oTuxX yCuOBUSAX, NPAKTUUESCKA MCHOAB3YEMHX N M HMHTCIDUPOBAHUNS

L = S [ tw Ct)att
1’ 2D ‘ ' (12)

45 7_ e [’ - HOHCTaHTA 3IEMEeHTa), XapaKTEpHHE
Mqvu.,a OLuuB:lblx NapauMeTpOB TPUOLOB U TETPOZOB = CM.TA0d.2.
1BepAofasuHe WATErpaTOPHHE 2JCMEHTH NpPeACTAaBi€HH B HACTOS-
mee Bpeusg UaxGoJabINM pasHHoOpasueM TunoB (Tacd.l, 2), Oxucam=-
PEJ5H0~BOCCTaHOBUTCABHHY Iponece npomeuaem y HHEX IO cXeue:

/‘fe e, AL Me ‘
Me' +ne — Me (13)

llacca BemecTBa, PacTBODEHHOT'0 MM OCAXACHHOIO HA BAESKTPO=-
4 ca speus T (B YaCTHOCTH 3a BpeMs OZHOTO NMKAA y AMOZa ©
LICEDCTHHY CUATHBAHUEM)

v _i/"mw
M

i (14)
rie /4 - aTouHM} BeC, /4 = xO3QMOMEHT BHX0ZA IO TOKY
b cayyae xanuuispHoli Avyeiiku, BHXOZHO{ nmapaueTp - cMemeHue rpa-—
HUNH pasiela 3UEKTPOA=-PacTBOPS:

B ; t)d
A2y 50, /,z" o (15)

npuyeu S ”/2- S - YyBCTBATEABHOCTH (34€CH y
MICTHUCTD cmnom BGLIECTBA 3,, - AONAaZb €ro NONepevHoro ce-
yornm), [IpU UCIOLB3OBAHNM TAXOPQ SJCHSHTA B KAUECTBE CYCTUUKA
Bpeuen HapalOTHMS

D Lo
T S SRR (16)
(2 Ra 4+ RR /Ra .



TZe ”‘, - sanpssemse ceu, A) = orpaumwBapmes CONpPOTHE=
zeime, /g - CONpOTUBICHUE HUCHEM.

OcoGuli MHTEPEC NPE4CTABAANT TBEPIOPASHHE KAHABHHE TPUOAH
C MOHOTOHHHM H3MGHEHWEY IMHEHHOFO CONPOTUBICHEE K, HA BXO-
A€ B 3aBUCMMOCTH OT 3AEKTPUYCCKOrO 3apfHid, NDPOTEKNEr0 BO BXOA-
soii mema [ 2, 3o Mpm socrarouso uamom K., # paBHGHEDHO
0CAaxjCHUM METALIA HA SAEKTPOLE XDAHSHHA: :

R4 1

-
-

o
on R rt

rae PW/ 0} =(P¢-., ),,a, - 3HAYCHUE BHXOAHOTO CONPOTUBACHUS
B HAUANBHHI MOMEHT, t -ﬁm ze B uouenr () a

cY
e P v l g (npuexs ) = CpezHSA IIOTHOCTH

0CARAEHHOTO UeTalld, P = €F0 JACibHOE CONPOTABICHEE (: -
41RHa 2IEKTPOAA Xpause:ius)e pH L0CTATORHO GOABUILX %x CKO=
pocTs s3ueHeRun conporuBaeHua [ 3]s

G/G:, 53 W ' : :
At Ep UpE T A (18)

i HazueHboee BpeMd NOJAHOIr0 H3UCHEHNH -CONPOTURICHURS

R..(0) |
L
ZL i (Key )nnl'n, ]

ghP il SV (19)

( ( ];= ),,,‘ = HenG0ABUUE AONYCTHUHA TOR yNpaBACHNR).
fipy TUNAYANMX yC.OBHAX CONDOTMBJACHME [0 LENHM CUUTHBAHUA AAA
nepeuesHoro zoxa [47:

zz-f’—’féf;"ﬂ/élfg'ﬂ? ‘

(20)

oy £
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rie t; - LIMHE SACKTPUAS Xpasesus (pe3uCTIUBHOrO 3IEKTPC4a),
,Qx, - CONpOTUBACHUE €T0 CAMHENN ALUHEH, Agp, = HOIPLUMUMEHT, Xa=-
UAKRTSpUSy Ll (A aACeBCKAl MMNSAaHC SJCKTPOA=3AEKTPOIUT HE CAN=-
HUNY AMMHH 3UEKTPOLAe
[io Aunanasody BpeuCH NHYETPUPOBAHNA, BEIUYNHAM TOKOB, T0Y-
HOCTU, PaJQpUIAM 3JCKTPOLMTAYSC.UE NHTErpaTCpUHE BAEMEHTH B
pa4e ciyyaes muienT ABdHE Hpeuuynecisa (cuM.puc.l). Ouu oGuasanT
BHCO#o#l AuieiiHoCTBD, OUYCHD MAIHM COOCTBEHHHM NoTpescacuued (ie-
CaTId AU COTHE LUKPOBATT), OPATOAHOCTHO Lifl MHTErpUpOBaHuA
AOJiC. MMEDOKJIOHOB, MOIYT Pac0TaTh 0T BOHTW/IBHHX GO0TO3/CMEHTCB,
TYLUONAp, 4aruuxoB Xouda B ADe 'acapuTibe pasuepH MX HE NpeBL-
{07 PA3uCpPOB MMHAGTDPHHX JJCKTPOHHHX JaMH, & BEC COCTaBUACT
2 + 20 r, Haudoxpuad :0YHOCTE AOCTUraeTCAd y TBEPAO(ASHHX HHTC-
I'0aTOPHUX 3JdELEHTOB C AUCKDPETHHM CUATHBAHMEM,
lizoucccd B 2JCETPOXMMUYECKUX 2.EMEHTAX NpPOTEKAnT B BEChMA
FOMLIX CAOAX, KIMEPASHHX ZOAMMA MMEpOHA, TAK YTO MOEHO OXUZATH
NoSsJeHNA 3HAYUTEAbHO (0dEe MHHUATOPHHX 2ieMeHTOB ("miasap=
HuX"),
{lnporoe npuMeueHNE NuJydYaT B Cauzafimee BpeMA OCHOBaHHHE
Ha pPACCHOIPCLHHX OPUHLMNAX CUCTUMKY MAUMHHOTO BpeueHu (B CBA3M
C HCOOXOALMOCTBY KOHTPOAMDPCBaTh, B CO0TBeTCTBEM ¢ I'OCTarm 1
HOpuaAMn, PAGOTOCHOCOOHOCTD X CPOE CIAYROH DASINNUHHX HIPHOOPOB,
aniapaToB u mamuH) (pac.2) [ 6]. a TaKEC MHTErpupyouMe 3BEHbS,
CoGSHAO C 0OJLuNMMA BpEMEHAMKM MHTSTDUpOBaHif, Y3AH HACTPOHKU
GAQNTIBHEX CHCTEM M ONTIMMU32TOPUB HA 0CHOBE TBEPAOJAE3HHX Ka=
2..DHHX TPUO0L0B, Y34l 3a.6PEEM U APe CymecTBEHHHE HMHTEpEeC Npei=
CTaBIfANT TaKIe DJ4CETDOXUMUYSCHNe KHTEerpaTOpHHE yc.ipoficTBa ALf
aprolaTEycCciLol 00paUOTHY H3MEPUTE.ABHOU uHEODNANNE, DEeaAN3yRuIue

QArOpUTY BUAAS t7+’
K S rxe-x )1k

Fi= (21)
J' ;
6 / x(t)-x (¢s)] ot
B zm.'maouux I ETHOXIMIYSCHAX BHIPAMUTEABUEX AN04AX HC—.
NOAB3YSLCA 0LMCANTEHbHO~BOCCTANOEITEABHEN nponece 0o cxeue (3).
Dcan CECDOCTS LPOUSCCa OHPELCAfCICH MNPAaXTUYCCKU TOABKO AMQLYy=
8CH, TO HUTCIPAABHOS yDABHGHUE Auif HAXOR.EHNA TOKA YCLE3 ZUCA

[5]x

O




F U,
[4---. / f(f—r}MT}ol?']f"P RT
[4——1—— / C(t-T)dtr)elr ]S (22)

TAe

Q wz
4,=nF5G, z]{ff Fex ”’!"}f_} @3y’

s 4 2
7
npuyes q - paiuyc CycpUYecKOro MIKpOSAEKIDOZa, a UHACKCa=
ua I u 2 oTMeYeHH BeldWdHH, OTHOCALUECA COOTBITCTBELHO E JOp-

wau A, u A,

ipg ¥ oo, 4"'2/7‘/”, H

y yesghorf ] . @ 7w
&”7';,/7,{,/-’}7(041': L (24)

TaK 4TO CTATu4YeCHAd BOADTAMICDHASA X3apPAKTEDUCTUKA AUOAA

E;=[,.[34// :—;;D (4,:-322)] (25)

JISXTPOLUTAYECHUE BHNPAUUTEABHHE 4U0LH NO3BOJASONT BHIDALAATD
BEChuA Majhe TOKEM = 0T COTHX MINM AECATHX LOJIe# MuKpoaunepza A0
COTEH uMUKpoaunep, 4YTo OGECHeYMBaeT UM CYuUECTBCHHOE IpPEHLYueCT=
BO (nmpu EZNSEUX YacTOTaxX), N0 CPaBHEHU® € AU043MHA, NOCTPOCHHELH
Ha APYTUX OpUHIANaX., Ha OCHOBE 3JEKTPOIMTLYECLUAX AUOLOB 3TOr0
TUN3 CO34AHH JUEMEHTH, DEaLN3YLMe Oliepamau %x u Vp X
B LUPOKOM ALUANA30HE HHYPAHU3KUX YacTOT [ 5], a TaKEe J.EMEHTH C
OTPUIATEABHHY CONPOTUBLELUCH, '
JIEKTPUJIUTUYECINE B 3.UEKTPOKMHETUYECHUE HEDPe30HAHCHHE AAT=
YUK MAIHX OEDEMEHHHX U UMIYALCHHX AABLCHUN, AaTYuKM PpajucH=
TOB AaBieHuil (B YaCTHOCTU 3EHTPOAKYCTUYECKUE NPeo’pasoBaTelH
un@paxmaxtoil i 3BYROBOIl 4acCTOT, NPUTOLHHE Aif pacOTH NpU CYCHB
: BHCOEJ!X CTATUYCCKUX AABICHUAX) U LATUAKM YCKOPEHMWil, KAE BUZHO
u3 puc.>3, 4, 5, UMEDT HpeuMynecTsa mno EIpUHE BO3MOZEHOTO 4YaCTOT=
HOIQ AlANa30Ha W OXBATy HUBKUX YACTUT, XOTH 4 YCTYNANT NBE30=
DeJUCTUBHEM NpPe0spasoBateda N0 YYBCTBUTEIBHOCTH. Xapan;eplc-
TUKA BXOA-BHXOZ AJdfl 3JICKTPOEMHETHYECKUX NpeodpasoBaTedcii An=
ueilHa B IUPOKOM ZUaANa30He aMmIuTy4. Aifd X0J0CTOTO X0Zas




Ese 4 ™ A (26)

Tie g - 32J4GETPOKAHETHYECHAN moTeHukan, £ , ’ ,L_-
LUQICKTPUYCCEA KOS UMUCHT, AMHAWMUECKAA BA3KOCYD 4 pPE3ydb—
THPYDLAA JUEKIDONPOBOAHOCTD pavouedl EMIKOCTM, kn — KOOGQH-
HUEHT, yYuiEBaoual BAMAHAC IH.DOAMHAL.YECKAX CBOLCTB epero-
PULKA, AMILINTY4HO=-YACTLTHAA X2)AKTEPUCTIIKG 3Tul0 NEpolpasoBa-

reafs 3 Fg ' wT P el

477.», VT +(w) @

( ’Z‘ - UEXA=ZUYeCKana NOCTUAHHAH BPEMEHM NEepuUpa30BaTellf).

Xurax '@PUCTURA BX04=BHX0/ XHMAKOYA3HHX S5ACKTDOJATHYECKUX
A8TYIKOB (pavotaouuX no cxeme (2)) ~E8 OAHOMW U3 KOHQUrypaumui
KGT0.HOrC Kagaznas

o 28 [l

rie C o ~— KOHNEHTpANM# HEOCHUBHHX HoCHTEJEiH B CBOOOAHOM
0UTEMe - KOS(LULMCHT AlWi.y3ul, ) s Q 6 - reoue-
TPUYECLHE [ASMEPH HeUcBOr0 Kadala, /14 - jMHaMivueCKas BfA3KOCTH
paceBopa, lisuensas @opuy KaTOAHOrO Kasaja MOXHO MO.JyvyarTh pas-
JUYHHE 8uNuATYy4HHE XapaKTEpUCTUEM (JAMHeiidHe, JAorapHjuiyecKue

bt Ap-).

YHGUAHHNE OJ4CMEHTH, B DA3LWYHOM UCHOUJHEHAX I JYy4anT NpH-
LCHCHUE B KAYEC1IBE CELUCMOA81YHMHKOB, AATUYAKOB OMO.OrMYECHUX Ha=
paueTpoB, AKYCIMYCCHUX NPACMHMKOB MHYPASBYKOBOL YACTOTH M AP,
I3 KOTOPHX JJACHTPORKAHETHUYcCaUe = 00J484ANT BHCOKOH AuHElHOCTBD
SMILIATYALHX XapaKTepucids ¥ dauoosiee WAPOKMM LUHAMAYCCKUAM AMa-
1330d0M, 8 JACKYDUIMTUYECKHUE = QUEHD HUM3KUM Y&CIOTHHM AUAla30-
uou, O4HakO u Te ¥ upyrue B HACTOMGEE BPEMA yCTYNaoT HOBLl 00—
paguaM Nye302ieKTYPUYCCRUX U NBE30PEesUCTLBHHX AATUMKOB MO pado-
UCuy AHAIA30HY TEWUNepaType

lmporo mpuucHADTCH B BHIJTKEYTCA B JACOPATOPHOM M MPOMHI-
JEHHOM UCHOAHEH. pddv-.m.me THOE JUCKTPOXMUAYECKAX KOHLEeHIpaTof

)

6v(28)
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uepoB ,AAf DACTEBOPOL U IasoB (NepeMeHHuIo TOKA, KOHYAKTANE U
GECKOHTAKTHHE, A TAKXe IasibBaHUYCCLUE).

BTopyn rpynny o0pa3yoT JJUCKTPOXMMUYECHUE IJCMEITH, TPESUyo=
. M€ AONOUHUTSABHOIO M3YUCHUA M JAyULCHNUA X XAPAKTELUCTUK, [i0nk=
HO OX44aTh, YTO COOTBETCTBYOIME UBLICALOBAHNSA I03BOAAT CNpeie—
JUTH Tarue 00JacTU NpuleHeHds, KpPOME YKa3aQHHHX BHLE, I4e OKa-
RETCA 11€//6COQ0PA3HEM UCNOAB30BATH UCKTPOXULUUSCHUE NPSoGpa=
'30Baieid. B aTy rpyunny LOBHO, Hampuuep, OTHECTUS:

I) oaeKrTpoAMTAYECKUE LATYMRMA BuOpauumiig

2) QiEKTPO:MHETUYESCLME AATYUKNA CKOPOCTH}

3) MHAMKATOPH MAIHX HANpAEe:Huiis

4) BHQPaHU3KOYACTOTHHE EUAKOCTHHE YCHUAMYC.IBHHC BiCMCHTL§

5) SIEKTPO.MTUYECKUE U BIEKTPOLUHCTUUCCIME (yLILi0HAkb=

HHE JJCMEHTH§
6) TBEPAOYWASHHE PACKTPOLMTUYECCKUE WUCHOAHATCABHNE DLCLCHTH
U yCUANTEIM MOLHOCTH U ADe

JJisl pa3BUTUA AAHHOW 004acTél aBTULATUKN HEOUXOAUMO NpOoBEe—
AGHUE MCC/iEe,L0BAHMNI B CJASAYOUMX OCHOBHHX HALPGBAGHUAXS

d) WU3HCKAHME HOBHX OPAHUMIICB NOCTPUCHUA DUICKIPUXLMIYCCEUX
cucTeM 4af paCHUMPEHUA TEXHUWYEC.UX BOJMOZBUOCTEIl 94aeKTpUXIULIIUC=
CRIX JJAEMEeHTOB§

0) HCCJEAOBaHNE OOLMX CBOUCTB M XADPAKTEPUCIUK A8TUMHCB,-
NpcoUpasoBareueili U APYyruxX 24LEMEHTOB U HAXOZACHHUE HAHCQIES Ue=
JdEeCO0UPUSHHX 00JaCTeil UX NpUMEeHeHUA]

B) paspavuTKa Teopmii U MEeTOL0B pacyeTa JJACKTPOXULMUCCRUX
2JICMENTUB PAadJUYHHX MPUHLMIOB A4EIHCiBuUsfg

T') paspaduTKa CXeu C MCMNU.4b30BAHMEM JAEKTDOXUINY 2CKUX
QJCMEHTUB B YCTPOHCYBAX aBTOMATUYECKOIO YNPABICHUs U KOHUTPOISA
1 HMETVAL0B acyeTa TAKUX CXEHU§ :

4A) paspajuTia HOBEifell TeXHOJIOTUK USTOTOBLCHUA JICKIPOXU=-
MUYGCKUX 3JEMEHTOB, OUECHEUMBLOUECH UX BHCUOKYD HALCZ.(0CTh.

JARINYEHne
[ipcBeeHHOE CPABHEHVE XAPAKTICPUCIUK AAET BOSLORIOCTH 33=
Kio4Yliby, YTO HA OCHOBE DuCKTPOXUMUYCCIUX CUCTEH BO3LOXEIO CYpo=
HTb PA3HOUUPLSHHE AGTUAKA U HPEOOpasosaTedy MiyupHauul Lifg
)OIECCOB C CUeUDb HU3KUMI YacruTaMu (0T AECATHX Ml COTHX 40=
JoCi. Tepua W ucuee), € oueHb Maumua ToraMu (A0 4ouel MUKpo-
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THE SOLID ELECTROLYTE OXYGEN SENSOR
THEORY AND APPLICATION

S. J. Lawrence, West Lynn, Mass., H. S. Spacil and
D. L. Schroeder, Schenectady, New York, all of the
General Electric Company

INTRODUCTION

The development of various solid electrolytes which are
specific to oxygen has taken place in the past two decades.
These permit construction of oxygen concentration cells,
which are measuring devices. These electrolytes are alsc used
in fuel cells and oxygen pumps. The oxygen sensor is a device
comprising an oxygen concentration cell and auxiliary equipment
which includes sample handling, cell temperature control and
cell voltage readout. This report wi}l present the theoretical
considerations of such oxygen sensors; hardware description
and discussion of some of the practical applications.

Zirconia Electrolytes

The General Electric Oxygen Sensor contains a solid elec-
trolyte oxygen concentration cell using "stabilized"” zirconia.
This material is basically zirconium dioxide, Zr0,, with con-
trolled additions of one or more oxides which simultaneously
increase its electrical conductivity and lead tc development
of a cubic crystal structure. Oxides of calcium, yttrium,
ytterbium and scandium have been used for this purpose. If the
proper amount of a stabilizing oxide is added to zirconium
dioxide (typically 5 to 15%), the resulting stabilized zirconia
has a unique type of electrical conductivity. Conduction is
almost entirely by 0~ anions moving through the crystal
structure, with very little conduction by either positive (metal-
lic) cations or by electrons. Stabilized zirconia has a negative
temperature coefficient of resistivity. Typical resistivity is
about 10 ohm-cm at 1000°C. 1In contrast to many oxides, the
resistivity is independent of the oxygen pressure over the
zirconia, down to very low oxygen pressure levels. At IOOOOC,
the lower limit of this oxygen pressure range is not higher_
than about 10-21 atmospheres for calcia stabilized zirconiaf<
The melting point of stabilized zirconia is about 2200°C, so

that the material is a true solid electrolyte up to this temper-
ature. :

Operating Principle

The high oxygen ion conductivity of stabilized zirconia
allows it te be used for measuring oxygen pressures or con-



24

centrations in gas mixtures. Figure 1 is a schematic cross
section of an oxygen concentration cell consisting of a
stabilized zirconia electrolyte with electrodes attached to

two opposite surfaces which are exposed to different oxygen
pressures. The closed-end tube configuration is convenient;
the inner electrode is exposed to a gas with known oxygen pres-
sure, such as air. It then serves as a reference electlode

The potential of the electrode exposed to the sample gas is
measured with respect to the reference electrode. In the cell
of Figure 1, the open circuit EMF is given by

E, = CRT 1log[02] (%)
4F [02 R
where
Epéj = oxygen pressure of sample gas, atmospheres
oi]R = reference oxygen pressure, atmospheres

c = 2.3026 (conversion from base 10 to natural logaritim)
R = 8.313 (gas constant in joules/mol)

T = cell temperature °K

F = 96501 ‘(Faraday constant in coulombs/equivalent)

For the equation to apply, the following conditions must be
satisfied:

1. Oxygen ion conductivity must predominate in the
electrolyte.

2. The electrolyte must be leak tight since any
leaks would aliow oxygen to transfer through the
electrolyte without forming ions.

35 Reversibility of the electrode to allow gaseous
oxygen to ionize freely at the electrolf$te surface.

4. Low cell resistance to permit voltage measurements
with existing equlpment.

The equation may be rearranged to express the oxygen pressure
in the sample gas:

log [02] = log [OJR +C{b% E, (2)

Thus, if the reference oxygen pressure and the temperature are
known, measurement of the open circuit voltage can be used to
determine the oxygen pressure in the sample gas. A negative
voltage indicates that the sample oxygen pressure is less than
the reference oxygen pressure.
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Operating Conditions

A temperature of 850°C generally allows satisfactory
operation of this concentration cell, and does not present
serious material problems. Porous platinum electrodes are
satisfactory. Reference oxygen may be supplied by flow of a
gas of known oxygen content (for example, air) or a metal/metal
oxide mixture that serves as both a metallic conductor and a
source of oxygen due to the dissociation of the oxide. At
850°C, the coefficient of the log term in Equation (1) is about

.056 volts; thus changing the oxygen pressure in the cell by a
factor of 10 changes E, by about 56 millivolts. The magnitude
of the cell voltage depends on the reference gas used. With
air reference, at .21 atmospheres oxygen partial pressures, mea-
surement of the equivalent of oxygen pressures as low as 10~
atmospheres is allowable, resulting in an open circuit voltage
of about 1300 millivolts. A nickel/nickel oxide reference at
850° generates an oxygen pressure of about 10-13 atmospheres,
and allows measurement to 10-27 equivalent atmospheres with a
corresponding open circuit voltage of about 800 millivolts.

The term equivalent is used because these low pressures are
measured in reactive systems (which will be explained later)
where oxygen exists in equilibrium with water-hydrogen or carbon
monoxide-carbon dioxide. Where_oxygen is diluted in a relatively
inert gas such as nitrogen, 10-7 atmospheres can be measured.
Figure 2 1llustrates the range of equilibrium 0, partial pres-
sure at 1009 C in several commonly encountered industrial
atmospheres? The o ntinuous measurement of 0p partial pressure
in these gases will develop better knowledge about the processes
involved and lead to more effective control.

Hardware

Figure 3 is a photograph of two experimental cells. Both
are designed to fit inside heaters which bring the cell temperature
to the operating level. One is a closed end type; the other is
a flow-through type.

For the most part, we have found that the tube construction
for the electrolyte was desirable. The tubular shape provides
strength and rigidity for brittle materials such as Zr0Ojp; it
also minimizes the amount of joining and sealing required. We
found that commercially.available zirconia tubes often leaked
beyond the rigid specification we have set. Therefore, we have
developed our own process for making these.

The process is based on plasma arc spraying onto mandrels,
which are subsequently leached out, followed by sintering of the
free-standing body to render the zirconia electrolyte leak

% 4
tight. Commercial grade powders are spray-dried to prepare
. free material for the plasma-arc spray operation. Stabilizing
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and sintering agents are added.

02 Partial Préssure and 0y Content

This oxygen sensor measures the equilibrium 0, partial pres-
sure of the sample gas at the temperature and pressure of the
cell. Any composition not at equilibrium will rearrange under
the cell conditions. Thus, oxygen in the system Hy0/H5/02 or
CO/COz/Oz or similar, will redistribute according to the
equilibrium constant for the system at operating conditions.

In a gas consisting of oxygen and an inert diluent such as

nitrogen:

[o,] = = 3)

where x = mol fraction oxygen in the gas

P = total gas pressure

In the water-hydrogen-oxygen system, the equilibrium oxygen
pressure is:

[og -_v. [me2 @

where K; = equilibrium constant for the reaction:
Hy + 1/20, == H,0 (1)

In the carbon monoxide-carbon dioxide-oxygen system, the
equilibrium oxygen pressure is:

0, =1 [cop]? (5)
Ky [c07?2

where Ky = equilibrium constant for the reaction:

€O + 1/20p —= co0, (11)

Logarithmic Units for 0, Partial Pressure

One way of expressing the oxygen partial pressure is
smaller to the pH value of aqueous chemistry, and is defined
as:

p0 = log (6)

.
2]
For most cases of interest, the p0 value is positive,

dimensionless, and is in the range 0-14.

Another logarithmic expression with units of calories per
mol is defined as:
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e0 = 4.575T log ( [027] %) (7

The e0 value will normally be negative and in the range
0 to -100 kcal/mol.

One reason for the use of these expressions is the general
reaction expressing the oxidation of a metal by 05:

(a/b)M + (1/2)0, —> (1/b)M_0y (111)

where both the metal M and its oxide M 0b are either solid or
liquid. '

The standard Gibbs free energy of formation, Z\ Gﬁ Op> for the
metal oxide, is negative for a stable oxide; the gledter
magnitude indicates greater stability. Values of A Gﬁaob
have been extensively tabulated or plotted against temperature
(Ellingham diagram) in the literature. An Ellingham diagram
assumes that the heat capacities of the products and reactants
are constant even though temperature may change. Thus, a plot
of the standard free energy of formation versus temperature
results in a_ straight line. The p0 value corresponding to the
0o partial pressure that would result from the above reaction
is:

pOfi,0, = (AGHa00/P) ®)
4.575 T

where the Gibbs free energy is in cal/mol.

The oxide Maob will tend to be reduced if

p0 > pOfi0p ©r €0 <A GRo0,/b (9) (10)

and conversely, the metal will be oxidized if
PO < POR 0, ©F €0 >A Gf 04/b (11) (12)

Figure 4 shows the variation in pO value with temperature
for two different types of gases of varying oxygen contents.

The dash lines of this figure represent the values of p08r20

and pORi0 as obtained from Ellingham diagrams. At 1000°C, a
hydrogen atmosphere containing 100 atomic ppm of oxygen will
barely reduce Crp03; this oxygen content corresponds to a dew
point of -45°F. On the other hand, NiO can be reduced by almost
any hydrogen-containing atmosphere short of pure steam, and
could be reduced above 1300°C by an inert atmosphere containing
1 atomic ppm oxygen. This example can be extended to develop
criteria which describe the oxidation or reduction of alloys

or mixed oxides, as well as the solubility of oxygen in solid
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or liquid metals and alloys.

Measurement Accuracy, Gain and Errors

The output of an oxygen sensor is usually in error by a
relatively constant voltage bias, except where a high net ion
current flows through the cell electrolyte. In the latter case,
the composition of the oxygen lean side may change appreciably.
Assuming that this condition is avoided, the output voltage error
is due to uncertainties in the measurement of the reference 0p
pressure, uncertainties in the measurement of the cell temperature,
and temperature non-uniformities in the cell. The combined effect
of these sources of error is_of the order of 10 mv, if nothing
is done to optimize accuracy: Since the oxygen sensor has a
response of about 56 mv per decade of 0, partial pressure at
850°C, this voltage error will lead to an absolute measurement
accuracy of about 0.2 decade in 0, partial pressure. However,
it is possible to reduce the effect of the cell voltage error

to about 1 mv.

Wheri the logarithm of the 02 partial pressure is measured
below 10~13 atm., an absolute accuracy of 0.2 decade leads to
at least a relative percentage accuracy of

100 [1og (2) - log (1)] /15 or 3%

There is not much point in trying to obtain a better relative
accuracy in this case. But measurement of the oxygen content
in an 02/diluent gas mixture, leads to a relative percentage

accuracy of
100 (2z - z) / z or 100%

Obviously, some method of eliminating or compensating for the
voltage error of the sensor must be used to obtain accurate
measurements at h%gher oxygen pressures. A calibration technique
defined by Spacil” compensates for the error.

From Equation (1), the term CRT/4F may be expressed as a linear
function of temperature:

CRT . 55.695 + 0.049588 (°C-850)
4F

This corrects for any deviation between the set point and actual
temperatures. The latter may be read from a thermocouple at-
tached directly to the electrolyte.

The function of voltage versus oxygen concentration is a
straight line on a semi-log plot. The computed, plot can be re-
placed by a similar plot of identical slope which passes through
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the point measured with the calibrating gas. Pure oxygen is an
especially convenient calibrating gas. A measurement system
equipped with an adjustable zero and adjustable range should be
used.

The following equation may be derived to define the relative
error:

z*- 2 Ar
zy Pc
where

+ C-%rT— log (52 (13)

Z = actual oxygen content
z* = indicated oxygen content
Zc = oxygen content of calibration gas
T" = measufed cell temperature
AT worR T
T = actual cell temperature
Pc = total pressure of calibrating gas

AP = difference in total pressure between sample
and calibration gases

A P/Pc and AT/T" are small.
Equation (13) applies to any calibrating gas.

The pressure contribution to error remains constant, while the
temperature contribution increases as the measurement is extended
to lower 0, contents.

With the barometric pressure varying 3% from the mean, the
first term is ¥ 0.03. With an assumed temperature measurement
error of 2°C at 850°C, the value of C A T/T is t 0.0039.

The following table shows the maximum relative error in
Z°, as a percentage:

*

Z Max. % Error
100% 3.0

1% 3.8
100 ppm 4.6

1 ppm 5.4

Analyzed gas mixtures were used to check the performance
of the svstem after a direct calibration procedure. Typical
results were as follows:
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Analysis Measured
% 0 - % 09
4.93 4.9
0.515 0.51

The cell gain may be defined as the relative change in
voltage affected by a relative change in some other parameter.
Take the ratio of the oxygen content of the sample gas to that
of the calibrating gas:

E, = og\ log [0,] =RT 1n [05]
4F R
e [02] R i [UZJ R

let X =[0,]/[05] ; and C' = RT
4F

= !
E, =C' InX

9B - ¢' and dE,/E, =_1
ax X Fx X

when X—>1, 1 —_ OO

In X

Thus, maximum gain is obtained when the sample gas and the
reference gas are of the same 0, partial pressure.

Industrial Applications

What aspects of the composition are important and how will
they be used? There are situations where the composition itself
is important, in order to obtain a measurement of the change
in the amount of a particular component. There are situations
where the gas composition is used to measure a more abstract
property of the gas, generally by computing. Either situation
may require fewer than the minimum number of independent mea-
surements required to completely establish the composition.

Table I summarizes a number of metallurgical processes in which
oxygen is involved. When the 0p content is above 0.1%, the other
species present act as diluents. Paramagnetic oxygen sensors

and combustion meters have been commonly used to control processes
with this level a 0. Only recently has the EMF sensor concept
been used for this purpose on a combustion process 6 Combus -
tion control on direct fired soaking pits is a good example of

an application for the EMF sensor. The optimum control of com-
bustion would be to regulate the excess air to about 5 f3z (or
excess 0 to 1 t.SZ) in the combustion gases. Since soaking pits
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usually use a fuel of varying composition (coke oven gas, blast
furnace hot gas, and natural gas), a feedback measurement of the
stack gas 0p content has been used to control the burner. air/fuel
ratio. The low 0p content and the particle laden nature of the

gas sample makes the application of paramagnetic sensors only
marginal. On the other hand, EMF sensor measurements on such

a gas have the computed characteristics shown in Figure 5. During
tests on a bottom fired soaking pit (Figure 6), we found the
logarithmic response of the EMF sensor, as well as its insensitivity
to particles in the gas phase, extremely desirably characteristics.
The EMF sensor has also been used successfully on the BOF process
in series with other instruments to allow calculation of the way
lance oxygen is being used.

The EMF sensor is very well suited to determination of the
stoichiometric combustion point, SCP. The drastic change in the
equilibrium 0, partial pressure of combustion products as the
air/fuel ratio is varied throughthe SCP leads to a step-like
function in the output of the EMF sensor. (Figure 7). The SCP
is an example of how one particular aspect of composition in
multicomponent gases can be determined by an EMF sensor without
additional information needed.

When the free 0, is less than 10-6 atmospheres, the other
species in the gas usually determine, by reaction, the equilibrium
0, partial pressure. Measurement of other species of the gas
phase (such as CO, CO2, H20 and Hp) have been and are being used
for control purposes. Combinations of these measured or assumed
species concentrations are being used to show effect on the product
(oxidized, reduced and carburized). Equilibrium is assumed so
that reactions I and II hold.

Dewpoint, infrared and paramagnetic instruments do not cause
the gas to attain equilibrium at a specifically known temperature
as does the EMF sensor. Therefore, the use of the former types
of sensors are all based on an assumption that does not apply to
the EMF sensor. In many cases, measurements made by these are
being used to indirectly determine the 02 partial pressure of the
gas by use of relationships such as Reaction I and II. For these
applications, the EMF sensor should be used since it measures
this quantity directly under known temperature and pressure con-
ditionms.

Annealing of metal product under protective atmospheres is
a prime example of the use of indirect measurements to determine
the 0, partial pressure of an atmosphere. Prior to development
of the EMF sensor, instruments were not available to measure down
to 1027 atmospheres oxygen (equivalent dewpoint of -80°F) as
required for applications such as the bright annealing of stain-
less steel strip.
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Industrial tests have been carried out on a continuous an-
nealing line for tinplate. An EMF sensor monitored the oxygen
partial pressure along the length of the furnace (Figure 8).
These tests were used to diagnose those conditions (air in-
leakage, too high an 0, partial pressure in the cooling zone,
etc.) that cause strip oxidation The generation and control of
atmospheres for obtaining a specific carbon potential and/or for
carburizing appears to be another area of application for the

ensor. The range of 0, partial pressures encountered, from
-10-1 to 10-20 atmospheres, would lead to a voltage of from
700 to 1200 mv for a cell operating at 850°C with an air reference
electrode. Digital simulations of the gas generator, drier,
scrubber, and annealing furnace (Figure 9) indicate that the.

EMF sensor measurement will be sensitive to changes in air/fuel
ratio, dryer and scrubber efficiencies, and carburizing load
(Figure 10).

Since the atmosphere in the furnace will come to equilibrium,
EMF sensor measurements should allow correlation with the carbon
potential of the gas in the metal treating furnace. We have had
an oxygen sensor monitoring .a hydrogen treating furnace at the
Instrument Department for over four months. A sequence sampling
system analyses the supply hydrogen, inlet mix and furnace ef-
fluent in turn. An argon flush is injected between samples.
For the first time, we are getting to understand what is really
going on in the process. Not surprisingly, the first important
information defined gross leaks in the system. These were in
the piping, valves, and in the furnace itself. Malfunctions of
the dryer system on the hydrogen supply were also revealed.
We are now able to evaluate the parameters of the process itself.

Signal Conditioning

An EMF sensor measures equilibrium 09 partial pressure, but
some of its readout scale options are linear in pO and e0 valwes.
Also, an EMF sensor measures the 0p partial pressure at its cell
temperature. The p0 and e0 criteria for oxide reduction or
formation, however, must be applied at the processing temperature.
Appropriate expressions for obtaining correct p0 and e0 values
at the processing temperature are as follows:

. - A (13)
ey =cXed + (14)

where p0 and e0 with no subscript are the values measured by the
EMF sensor and pOg and eOg are the corrected values for the
processing temperature. The o= TS/T where Tg and T are the
processing and sensor temperatures in °K. The adders ‘r’and/“
depend on the nature of the gas sample. For 02/diluent atmo-
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spheres, both are zero. For CHOD* atmospheres, these quantities
depend on the exact composition of the sample but average values
can be used with no more than about a 5% error in corrected

p0 and e0 value. The average values depend only on sensor and
processing temperatures. (Figures 11 and 12). The EMF sensor

has a unique ability, therefore, to measure p0 and e0 values in

a wide variety of atmospheres , with only a very general knowledge
of the atmosphere composition required in order to apply any
necessary temperature correction. This correction can be wired
into the sensor.

Summary and Conclusion

The theory of solid electrolyte oxygen sensors has been
presented. The operating principle is based on the Nernst
Equation. Various references may be used; air and nickel-nickel
oxide are discussed. Hardware is described. Diluent systems
involving nitrogen, for example, and reactive systems involving
hydrogen and/or carbon monoxide are discussed. Logarithmic func-
tions such as p0 and e0 are useful for defining oxygen contents in
these systems since they provide wide range coverage in a simple
manner.

Industrially, the solid electrolyte (zirconia) oxygen sensor
may be applied to combustion, soaking pits, BOF, direct reduction,
reheat furnaces, annealing furnaces, and carburizing furnaces.
There are other applications but are not included in this paper.

Proper signal conditioning is required to accommodate the
logarithmic voltage characteristics of the zirconia cell. Bias
for differences between sensor and process temperature can be
readily provided.

The normal uncorrected cell voltage error is about 10 mv.
It is possible to reduce the effect of this error to about 1 mv
by proper calibration and using measured instead of set point
cell temperature. The calculated maximum percent error (of the
value) is 3% at 100% 0y, 3,8% at 1% 0Oz, and 5.4% at 1 ppm 0;.
Measured errors were 0.6% at 4.9% 0y, and 17 at 0.5% 0p. For
reactive systems, where the oxygen partial pressure is less than
10-15 atm., a 3% (of the value) accuracy is indicated.

Cell gain is defined as the ratio of the relative change
in voltage to the ratio of the oxygen content of the sample
gas to that of the calibrating gas. A mathematical analysis
derives an equation which indicates that maximum cell gain is

*
CHOD - an atmosphere containing carbon, hydrogen, oxygen and
inert diluent.
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obtained when the sample gas and the reference gas are of the
same oxygen partial pressure.

In conclusion, the solid electrolyte oxygen sensor provides
a superior, accurate, reliable, and repeatable measurement for
practical applications in industrial and research areas.
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PROCESS

BOF

Blast Furnace
Direct Reduction
Reheat Furnaces

Annealing Furnaces

Carburizing Furnaces

TABLE T

APPLICATION

Stack Gas Analysis
(p0, CO/COy Ratio)

Stack Gas Analysis
(CO/CO9, Hy/Hy0 Ratios)

Reducing Gas Composition
(e0, CO/CO,, Hy/Hy0 Ratios)

Combustion Control
(p0, Excess 0j)

Atmosphere Control
(e0, pv, CO/COp, H2/H20
ratios)

Carbon Potential Control
(p0, €O/CO,, Ratio)

INSTRUMENT NOW USED

Infrared CO & co,
Paramagnetic 09

Infrared CO & co,
Hygrometers

Infrared CO & Co,
Hygrometers

Paramagnetic 0
Combustion Metérs

Infrared CO & COy

Hygrometers

Infrared CO & C02
Hygrometers

13
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FIG.3:TWO EXPERIMENTAL OXYGEN CONCENTRATION CELLS.
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VOLTAGE-CONTROLLED MOS-FET RESISTOR
H, F. Storm
General Electric Research & Development Center
Schenectady, N, Y.
U.S.A,

1. Introduction

The MOS-FET (metal-oxide-semiconductor field-effect-transistor) is con-
trolled by an electric field, as contrasted with the bipolar transistor (the
typical p-n-p or n-p-n type) which is controlled by a current. This basic
difference accounts for the much smaller input power required by the MOS-FET,
Its input (control circuit) resistance is 1013 to 1015 ohms, and its input
{control) voltage is in the vicinity of 10 to 40 V.

That portion of the MOS-FET through which the load current passes, is
called the channel. The terminal electrodes of the channel ars often re-
ferred to as source and drain; this terminology is not well suited for the
operation of the MOS-FET as described in this paper, and will not be used.
Instead the channel terminals are designated by 1 and 2,

By nature, the channel resistance R, and its reciprocal, the channel
conductance G, are highly nonlinear, meaning that R (or G) depend on the
magnitude and polarity of the chamnel voltage and the channel current.

There exist many ac and dc applications in industry where an electrically
controllable resistor would be useful, provided its resistance is independent
of the direction and magn.-tude of the voltage and current. In short, the
controllable resistance should be linear. It will be shown in this report
that the MOS-FET can operate as a linear resistor.

Unlike the bipolar transistor, the MOS-FET channel does not contain emfs
such as the collector-emitter saturation voltage. The range of channel re-
sistance depends on the materials and processes in fabricating the MOS-FET,
and its dimensions. Typical values for the channel resistance are from
Megohms to hundreds or tens of ohms, and typical channel voltages across
the channel range from a few volts to 50 V.

These and other MOS-FET properties suggest it for many applications,
for instance, for long-time timers, variable R-C time-constant circuits,
voltage controlled attenuators, adaptive controls, multipliers, flip-flops,

. Splt . o d=9
memories, and for amplification and modulation.

2. Causes of Nonlinearity of MOS-FET Channel Resistance

The MOS-FET consists of a substrate, 2
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of the opposite carrier type (Fig. 1). If terminzls 1 and 2 are connected
to an ac supply voltage, a small alternating current flows which is con-
trolled essentially by the reverse characteristics ot the 2 diodes connected
back-to-back. ] :

In order to obtain a voltage controlled resistor, a dielectric layer,
for instance SiOZ, is put on the substrate (Fig. 2), and a metal electrode,
called gate, placed on the dielectr;c. By applying a voltage VGB’ an elec-
tric field is created which attracts electrons from the body of the substrate
to its surface. This surface layer is called channel. The surface of the
substrate is now changed from the previous n-p-n to an n-n-n configuration,
and a current can pass from terminal 1 to 2, which is many orders of magni-
tude larger than the diode reverse current mentioned above. Increasing VGB
produces more electrons in the channel, the channel depth increases, and its
resistance decreases. Thus, by varying vGB’ the channel resistance R, and
its reciprocal, the channel conductance G, can be controlled. In the deri-
vations, G is preferred over 1/R, because of the avoidance of fraction signs.

The theoretical analysis is based on the n-channel type, in order to
avoid the many minus signs in the equations of p-channel devices.

" Assuming several simplifications, one obtains for the channel con-

ductivity G°10?11,12

g = FIVGB(E) | (1)

- = ol
F = €, (uko)(é-to) mhos/V (2)

F contains the basic electrical characteristics and mechanical dimension of
the active part of a rectangular MOS-FET structure, and hence, F is a basic

performance factor of the MOS-FET.

Vo) = Ve " V1 S

VGB(E) is that (net) voltage which is effective in forming the channel
according to Eg. 1. It consists of the externally applied voltage vGB (Fig.
2), and the equivalent >f an internally existing voltage VT’ called the
threshold veoltage. (For other symbols, and units, see List of Symbols.)
Next, we make provision for current 11’2 by establishing a voltage
V1,2 between terminals 1 and 2 (Fig. 3). The terminals 2 and B are directly
connected in order to define the voltage between substrate and channel.
The question is the magnitude of 11’2.
With a voltage V1,2 between terminals 1 and 2, the potentials along
the channel will assume intermediatévalues. These potentials will modify
the electric field which was previously established by VGB(E)’ and hence,

the conductance of the channel will differ from G° of E.. 1. This modifying
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effect is called internal feedback or channel reaction, and can be positive
or negative. With the polarities shown in Fig. 3, the channel potential
will weaken the electric field set up by VGS(E)’ and hence, the feedback is
negative., This is shown in Fig. 3, where the channel becomes more shallow
toward terminal 1. If the polarity of Vl’2 were opposite to the one shown
in Fig. 3, the channel potential would strengthen the electric field set up
b Vep(E)
ternal feedback would be positive.

The next question is Eo the extent by which the channel conductance is

, the channelwuld become deeper toward terminal 1, and the in-

affected by the intérnal feedback. If a quick guess were allowed, one might
say that the feedback voltage is zero at x = 0, and 1,2 at x = 4, hence,
the average effect along the channgl is perhaps V1’2/2. A more elaborate
analysis shows that this answer is exactly right (for the range limited by
Eq. 6). In view of the above and Eq. 1, the channel conductance of p- or

n-channel devices
G = FlVepr) ~ ¥y, )

with V having proper signs. In view of Eq. 1, the intermal

ca(e) 2™ V1,2
feedback is expressed by the term -%Vl’z, where v1,2 is a signed quantity.
We note that the channel conductance (Eq. 4) is not constant. Instead, it
is a function of the feedback voltage %vl,Z’ which, ig turn, is derived
from the voltage Vl’z across the channel. Thus, the channel conductance y
is nonlinear.

The channel current is

L2=Y,26=FV 5 |V - ¥, (5)

We note that the channel current is a quadratic function of the voltage

V1 o across the channel.
?
If VGB(E) and V1 2 have the same sign, the feedback is negative. Then
t]
even the maximum feedback voltage V at x = { cannot make the channel con-

1,2
ductivity negative, and one obtains as boundary for the validity of Eqs. 4,

5, and under conditions of negafive, internal feedback:

51V0 < |Vesew)l )

When operating with positive internal feedback, that is, when VGB(E)

and V1 2
3
a new restriction for the validity of Eq. 5 develops. A shunt path to the

have opposite signs, the condition of Eq. 6 is met inherently, but

channel is created from terinal B to 1 through the forward biased p-n
junction (Fig. 3). This shunt path will carry a significant current when

the above junction is foward biased by more than 0.4 to 0.6 V (for
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silicon). It follows that Eq. 5 is valid only if the bypass current is
negligible. In addition, the bypass current introduces a nonlinearity to
the resistance as seen from terminals 1 and 2.

Further boundaries are established by the effective gate voltage

VeB(®)®

vGB(E) > 0 for p-channel MOS-FET (7a)

vGB(E) < 0 for n-channel MOS-FET (7b)

One concludes that the major causes of MOS-FET nonlinearity are
(a) the internal, electrostatic feedback expressed by iV

in Eq. 4
(b) the bypass current flowing between terminals 1 and B
(Fig. 3) when V

1,2

1.2 is negative, or alternating.
3

3. Linearization of the MOS-FET Channel Resistance

As previously stated, one cause of the nonlinearity is the internal
feedback which is expressed by %Vl,z in Eq. 4. If the MOS-FET is to become
linear, the internal feedback must be nullified. This nullification is
accomplished by introducing an external feedback voltage having an effect
which is opposite and equal to the internal feedback.

1,2 and vGB(E) having the same sign (Fig. 4), the

internal feedback is -%Vl 27 and hence, a potentiometer P whose resistance
2

With the voltage V

midpoint N is connected to the gate G (via the gate control voltage VG)
will provide the desired cancelling effect of +&V1 2° The net channel con-
bl

ductance G is now a linear function of V

G(E)
G = FlVG(E) -4t ”V1,z| = p[vG(E)} whos (®
Similar to Eq. 3
-V v )

Yee) " %e " Vr
where VG and VT are.signed quantities. Analogous to Eq. 6, there is a
boundary for Eq. 8. The argument is that even the maximum internal feedback
voltage v1,2 cannot make the channel conductivity negative and hence Vl’2
must be equal to or smaller than the sum of the externally applied gate

voltages. Some elementary considerations lead to the boundary for Eq. 8:

lvl,zl = 2!V3(3)§ (10)

Subject to the limitation expressed by Eq. 10, the channel current

11 2 becomes a linear function of the supply voltage V1 22 and the effective
3 3

gate voltage VG(E) A s
L, =Y, V!

As previously pointed out, the internal negative feedback causes a
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reduction of channel conductivity, as graphically indicated by a decreas-
ing channel &epth in Fig. 3. The positive external feedback causes a uni-
form increase qf channel depth. The net effect is shown in Fig. 4, where
the channel depth still decreases from left to right, but where the total
channel depth at any one point is larger than shown in Fig. 3. As a conse-
quence, the channel conductance G of the linearized MOS-FET is now the same

as for the case shown in Fig. 2, with vGB = VG:
"G = G° (12)

As stated befofe, the current 11’2 may significantly and nonlinearly
exceed the value shown in Eq. 11 on account of a current component which
bypasses the channel by flowing from terminal 1 to B. This bypass current
can be stopped by disconnecting terminal B. Then, the substrate will assume
a floating potential and thereby somewhat modify the characteristics of the
MOS-FET. The results are shown in the following.

First, let us operate the MOS-FET (Fig. 5) with zero external feedback
(slider of potentiometer P at K), tesulting in the parabola A'-A" of Fig. 6
for VG = -12 where the internal feedback is negative; the se;tion from the
origin to A’ is less known, and has positive internal feedback.

Then, the slider-of the potentiometer is moved to the other extreme
position at M. The result is the parabola B'-B". This parabola is centrally
symmetrical to A'-A" and thereby indicates symmetry of the MOS-FET.

Now we position the slider of P at the resistance half-point N and
thereby introduce external feedback of %VI,Z' The cathode ray display shows
a straight line C'-C", as predicted by Eq. 11. One concludes that the
channel conductance of the MOS-FET,with external feedback of %V1,2 and float-
ing substrate, is linear.

Next, we would like to see if the linearized channel conductance G is
proportional to the gate voltage VG (Fig. 5) as predicted by Egs. 8, 9. For
this purpose, several gate volta’ges (VG = -10, -15, -20 V) are sequentially
applied. The results are the practically straight-line voltage-current
characteristics shown in Fig. 7. The slopes correspond to the channel con-
ductances G. The 3 conductance values for G are plotted as function of VG
in Fig. 8. The measured points are located on a straight line. From this,
we conclude that the proportionality expressed by Eqs. 8, 11 also holds for
a MOS-FET with floating substrate. Equation 11 indicates that the linearized
MOS-FET may be utilized as a multiplier.

Normally, the substrate is connected to a MOS-FET metallic enclosure.

In order to prevent extraneous electric fields from interfering with the

oneration of the MOS-FET. the enclosure of the MOS-FET package in a grounded



shield is desirable.

4. The MOS-FET as Controllable Resistor in a Phase Shift Circuit

As an example of an ac application and one believed to be novel, a
phase shifter will be discussed, where the variable phasiné is accomplished
by a voltage which controls the channel resistance of a MOS-FET, Phase
shift circuits are used on a large scale for the control of thyristors (SCRs)
and other devices.

One of the basic phase shift circuits consists of a center-tapped
transformer (or a center-tapped, relatively low-ohm resistor) with the
secondary voltages Vs'l, vs;z (Fig. 9). The load is represented by the
output .resistance Ro, copneéted between the centertap Z and the common |
point W of an RC network. By varying the magnitude of resistance R, the
phase angle between the output voltage Vo and the seéondary voltage Vs,1
(or VS,Z) can be varied.

Replacing the resistor R in Fig. 9 by a linearized MOS-FET, we obtain
Fig. 10. The phase angles and the waveshapes have been measured for fre-
quencies from 60 Hz to. 200 kHz. The bhase angles are shown in Fig. 11 for
open load circui:‘(Ro==), and in Fig. 12 for a load resistance for RO =6
k-ohms. The waveshzapes of the phase controlled output voltage VO is shown
in Fig. 13.

5. Conclusions

Within the defined boundaries, the nonlinearity of the MOS-FET channel re-
sistance is essentially due to a) an internal electrical feedback equal to
-%VI,Z' and b) a bypass current entering or leaving the MOS-FEI through the
substrate terminal. The MOS-FET channel resistance becomes linear through
the use of an external, electrical feedback which is equal and opposite to
the internal feedback, and by discommecting the substrate terminal. The
external feedback is obtained simply by a resistive voltage divider across
the channel terminals of the MOS-FET, ;

As a practical example, the linearized MOS-FET was demonstrated as the
variable resistance in an RC phase shift circuit, tested over a frequency
range from 60 Hz to 200 kHz, with the upper frequency limit introduced by
the test equipment and not by the MOS-FET.
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6. List of Symbols
Cross section of the channel (perpendicular to the direction of

- current flow from 1 to 2, Fig. 3), cmz, (Eq. 2)
F Performance factor of MOS-FET, mhos/V, (Eq. 2)
G Channel conductance, mhos, (Eq. 4)
G, Conductance of channel for Vl,2 = 0, mhos, (Eq. 1)
11'2 Channel current, A dc, (Eq. 5)
ko Dielectric constant of gate dielectric (koélp for SiOz), number,
(Eq. 2)
L Length of channel, (Fig. 3), cm, (Eq. 2)
to Thickness of gate dielectric over channel, cm, (Eq. 2)
v1,2 Voltage across channel, V dc, (Eq. 4)
e Phase-shifter control voltage,(Fig. 10),V
Ve Gate control voltage (Fig. 4), V
Ve Voltage between gate and substrate (body), (Fig. 2), V, (Eq. 3)
VGB(E) Effective gate voltage, V, (Eq. 3)
vG(E) Effective gate control voltage, V, (Eq. 9)
V,r Threshold voltage, V, (Eq. 3)
vl’2 Voltage across‘: channel, instantaneous value, V
w Width of channel, (perpendicular to current flow from 1 to 2),
(Tig. 3), cm, (Eq. 2) '
€ Permittivity of free space, 8.85 10-14 F/cm, (l'Zqi 2)
m Mobility of majority carriers in the channel, cm /Vs, (Eq. 2)
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Fig. 1 MOS-FET substrate. Current flow between
terminals 1 and 2 is limited by the reverse char-

acteristics of the 2 back-to-back connected diodes.

Fig. 3 Usual dc MOS-FET circuit. Vl 2 causes
internal, electrostatic feedback. Vj, 25 as shown,
causes negative feedback and channel conducthty
is reduced, see narrowing of the channel toward
the right. 1If V; 5 is reversed, intermal feedback
is positive, and :he conductivity increases.

5-FET with external feedback, and
bstrate (terminal B).

GATE
DIELECTRIC
/

;-;Vs-

n-TYPE
CHANNEL

Fig. 2 Basic MOS-FET structure. Dielectric is
covered by electrode G, caliad gate. An inversion
layer, called channel, permits current flow be-
tween terminals 1 and 2. Terminal B stands for
body = substrate. When housed in a metallic can,
the terminal B is usually connected to the can.

1,2
=y 5

Fig. 4 MOS-FET with external feedback provided by
potentiometer P. With negative, internal feed-
back, channel narrows to the right, but due to ex-
ternal feedback by P, it is wider at all points
than channel shown in Fig. 3.

Fig. 6 Current 11 2 as function of voltage vy 5
of MOS-FET with fldating substrate (Fig. 5),
for Vg = -12 V, f = 100 Hz.

Horizontal scale, vy,2° -5 V/cm
Vertical scale, iy p: -10 mA/cm
A'-A": slider of potentiometer P (Fig. 5) at K
Bl-m. " " " " " oM

c'-Cc": ol q " " at midpoint N



Fig. 7 Current 1162 as function of voltage v; ,
of MOS-FET with f13ating substrate (Fig. 5) and
potentiometer at N, f = 100 He.

-5 V/em

Horizontal scale, vy 3@
-10 mA/cm

Vert.cal scale, 11'22
A'-A": Vg =-10V
B'-B": " =-15V
c'-Cc": " =-20V

© 8 o—

Fig. 9 Basic phase shift circuit. The phase
position of the output voltage Vo is controlled
by R.

1 1 ] ] o
0 0 ] 30 % E L

Fig. 11 Phase angle as function of gate control
voltage Vg; circuit of Fig. 10, with Ry = =,
C=2,0,02,0.002, 0.0006 uF, for 60 Hz, 6, 60,
200 kHz, respectively.
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i b7

14

-35

1 . Y . S—
ho -5 -10 =15 -20V Ve
Fig. 8 Dots indicate slopes of the three char-
acteristics of Fig. 7.
Fig. 8 indicates F = 210 umhos, intercept indi-
cates V.l. =-3.5V

. 10 Phase shift circuit similar to Fig. 9,
where a linearized MOS-FET provides the variable
resistance R.

60Nz, 6 Mz
S0KHz
200 Mz

1 1 1 1
o 0 é 30 40 S0V .

F{g. 12 Phase angle as function of gate control

voltage Vg; circuit of Fig. 10, with Ry = 6 k-ohms.

c =2, 0.02, 0.002, 0.0006 uF, for 60 Hz, 6, 60,
200 kHz, respectively.

Slope of straight line of
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Fig. 13 Voltage wave shapes encountered in phase shift circuit of Fig. 10

Upper traces: Secondary voltage Vg), scale approx. 5 V/em

Lower traces: Output voltage Vo of phase shifter, scale approx. 3 % V/em

Ro=® | Ro = 6k

T
f = 60Hz, C= 2 UF
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SOLID STATE ELECTROSTATIC CONTROL
ELEMENTS OPERATING ON PIEZOELECTRIC
PRINCIPLES

by F.L. N-NAGY,Dipl.Ing,CEng,MIEE
Electrical Enginecring Depertment,
University of Salford, England.

a Introduction

The growing importance nf, and further demands for, various new
control and computer dynamic components have led us to pioneer a new
terrain in which new control elements might be devised. This terrain is
the solid state field; new ceramic control comronents have developed
operating on the "inverse piezoelectric effect”. Mechanicel strain is
generated by the charges in the microscopic structure of the ceramic
material due to the controlling signal, thus providing & controlled
macroscopic action. The interaction of elastic and electrical properties
provides a simple and convenient method of obtaining electro-mechanical
energy conversion, which is analogous to "motor" operation.

2. Basic Theory

The ceramic materials are isotropic and exhibit piezoelectricity
only when they are prepolarised which process is called poling trea.tmentl.
In order to explain and illustrate the basic mechanisms of the inverse
piezoelectric effect for two operating modes of interest to us, a positive
and negative d.c. signal will be a.iterna.tely applied on & ceramic element
of dimensions, £ x w x t (see Fig. 1). When a positive d.c. voltage of
the same polarity as the poling voltage but smaller magnitude is
subsequently introduced between the poling electrodes, the ceramic element
experiences a further but temporary expansion in the poling direction and
a contraction parallel to the direction of the electrodes. The changed
dimensions will be denoted by 2-A%, w+Aw t+At. Conversely when the
negative d.c. voltage is applied, the element contracts in the poling
directions and expands parallel to the electrodes. The dimensions now
become 2+AL, w-Aw, t-At. When the d.c. voltage has been removed fronm
the electrodes, in either case the element returns to the originel poled
dimensions. The process is based on thickness and transverse effects;
thus the element is called a thickness poled transverse expander.

When the poling electrodes are removed and the element is provided

with signal electrodes perpendicular to the poling direction, a d.c. g
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voltage is applied again and shear takes place around an axis perpendicular
to both the poling and signal field in a counterclockwise sdnse, which can
be a parallel or a transverse shear action.

The electrical condition of the ceramics is defined by two vector
quantities: the electric field strength E, and the electric displacement
D. For high driving electric fields, their relationship shows the same
hysteresis characteristic as ferromagnetic materials; hence this D/E

dielectric hysteresis phenomenon is called "ferroelectric"?.

3. Piezoelectric devices

The basic piezoceramic components suitable for an electro-mechanicai
actuator in a control system are known as bimorph and multimorph elements.
A two plate laminar composite variety of piezoelectric bars and one bimorph
disc is shown in Fig. 1. All these are manufactured of Pb (Zn,Ti)o3, Lead
~Zirconate-Titanate eeramicss. A considerable number of ceramic materiels
exhibit piezoelectric phenomena. However, from a control engineering
point of view at present only the polycrystalline PZT compound ceramics
are of much interest because their electrical, mechanical and piezo-
electric properties seem to be superior to any other ferroelectric
materials.

All the bimorph elements5 in Fig. 1 consist of two plates, electro-
statically prepolarised in the thickness direction and cemented together
face to face. An excitation signal applied to electrodes on its major
surfaces causes opposite longitudinal deformation in the two laminar
plates perpendicular to the axis of polarisation, resulting in flexure.
Operating in such a mode, the bimorph i a cantilever beam mounting is
shown in Fig. 2a. The two plates of the bimorph could also be parallel
connected in a longitudinal expander mode. A parallel connected bimorph
bar has the advantage that it has a lower operating impedance than the
dimensionally equivalent series system and the voltage for equal displa-
cement will be helf that for the’series connected operation. One
disadvantage is that in parallel connection there will be three terminals
instead of two. The parallel connected bimorph bar is shown in Fig.2b.
From a mechanical point of view the bimorph bender behaves like a spring
with an internal stiffness, when it is subjected to an electric field.
The stress Tl’ i.e. the internal force developed per unit cross-sectional
area, produces an effective bending moment, as shown in Figs. 2a and 2b.

For further explanation consider an a.c. driving signal. For the
. series eonnection during the first half cycle one half of the voltage
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falls across the top plate end is in the direction of the electric
displacement. This plate experiences a stress tending to cause a decrease
in its length. Similerly, since at the same time the other half of the
signal applied to the bottom plate, is of opposite polarity to the
internal prepolarisation and develops & mechanical force causing it to
increase along its length, the piezoelectric beam will bend upwards.
During the following half cycle the process in the plates will be
reversed and the beam will bend. downwards.

The other type of bimorph is the torsional element. The signal field
El is perpendicular to the axis of polarisation in the face plane itself.
In addition it can operate either in "face shear mode" or "transverse
shear mode" and is torsional about its longitudinal axis.

A flexural and torsional element can be built in one unit and this is
the flexural-torsional bimorph, which can operate in these two distinct
modes either simultaneously or selectively. The composite effect, viz.
vender and face shear mode, is indicated by the dotted line position in
Fig.2c, and the relation between polarisation and driving field, ir Tig.2d.

All types of bimorph in bender and torsional mode operation can be
used in themselves as control actuators as will be outlined in the
following sections. '

Furthermore the bimorph bars can be assembled into bridge construct-
ion for -arious types of "motor" actions. A working model of a two-phase/
one-bridge crystal motor is shown in Fig.3 and its perspective representa-
tion in Fig 4. In Fig. 4 "a" denotes the bimorph bars. There is a
flexible perspex bridge designated by "b" connecting the two bimorph
bender bars together. If they bend one way by equal amounts, the motion
of the elbgv is horizontal. When they move opposite ways, the motion is
vertical.

All types of solid-state control element outlined in this article
operate in two modes, viz. in non-resonant condition, having a number of
facilities controlling the engular rotation of a driven shaft. Consider
first the various types of non-resonant motor operation. The drive of
these motors is similar to that for any two phase conventional servomotors.
They have two phase signal, one for each bimorph, 0 <¥< 180 degrees apart
in time, and O<= < 180 degrees apart in space. Usually Y and <= are
both 90 degrees. Considering the time and space relation of the driving
signal, the resultant inotion_is j

3 -4 « £ s 3
Flt, =) = :7; + e/2a(m ?)- el = 7% (14e 10y | o et
'f“k=77:.
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This is the equation of & circle with an angular speed w; that is,
the driving elbow rotates without load in a ecircle. When load is applied,
e.g. in the present case driving a magnetic i inch tape against a
bearing capstan, the elbow of the bridge may rotate in a circle,
ellipse, or any pattern with loops dependirg upon the value of U and
= . The motion could be further influenced easily by superposing
harmonics on the driving signal. The ideal superposition of harmonics
is when they are zero-phase-locked with the fundamental. This type
of driving signal will give an almost straight line motion during a
good third of the time. The speed could be controlled by varying
either the amplitude or frequency of the driving signals or controlling
the time phase anglef . The amplitude and phase control could operate
at resonance, hence the name piezo—i'esonnnt motor. Their torque-speed
characteristic in both nonresonant and resonant mode has great variety
regarding quite a number of controlling facilities to influence the
pattern of motion. Fig. 5 shows a complete two-phase/two-bridge crystal
motor, which consists of two bridge units, two opposite parts, composed
of four bimorph elements, so that the tape is punched from both sides.
When one pair releases the tape, the other pair takes over. A further
development of a crystal motor with a more conventional operation is
shown with a rotating shaft in Fig. 6. This type of motor could also
be developed in three phase or multiphase construction. All types of
crystal motors which have been presented here, ha.ve further consideration
facilities, viz building more units of one type of basic motors in
mechanically parallel cascaded connection. By this method the
resultant torque on the rotating shaft can be increased quite
considerably. The only reason for using the tape drive application
was to provide some information about single unit motor performance.
For torque-speed characteristics measurement a new device had
to be developed, called Servo~Torque-Balance, which is able to measure
even very small torque in the range of 1 g cm. The maximum torque
' for a single unit is in the range 5-25 g cm, depending on the pattern
of motion. But for the rotating version of two-phase/two-bridge type
motor, the maximum expected torque is around 20-100 cm and for
parallel cascade connection the torque could be few hundred g cm.

Furthermore two constructions of controllable pumps are

shown which
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can be applied with either pneumatic or fluid operation. In Fig.7 the

actuators are two cantilever mounted bimorph bars operating the membrane
in the pump. Increase of movement has been introduced by a second order
level of ratio 1l:k. Ih Fig. 8 the membranes are replaced by two bimorph

discs operating in piezoresonant mode.

K, Bimorph actuator in comtrol loop

In the following & novel application of the bimorph is outlined as en
electromechanical transducer controlling the aligmment of a magnetic head
relative to a multitrack computer store tape. The bimorph acts as &
conventional controlled vibrator in a servo-system.6-l3'

The magnetic head is supported in an assembly and coupled to piezo-
electric bimorph elements which serve as actuators in servo loop designed
to compensate skew, wow and flutter tendencies in instrumentation tipe
recording devices.

An assembly as shown in Figs. 9 and 10 was used in an angu.ar >osition
servo-mechanism to control the magnetic head for a computer store. The
moving parts of the assembly, consisting of two piezo-electric bim rph
actuators, a 16 track magnetic head and mechanical links between tiem,
formed a fairly heavy device, the mass of which was represented by &
considerable inductance in the equivalent circuit. Consequently, it
reduced the first resonant frequency of the bimorph, and with this of
course the controllable frequency range.

For calculation of the resonant frequency, the distributed mass of the
vibrating cantilevel bimorph may be replaced by a point mass of approxima-
tely one quarter its magnitude. This value can be derived from the

3 An sppreciable reduction of

conservation of energy in the bender far.
the effective mass of the magnetic head was also necessary. Due to the
geometrical arrangement the mass of the rotationally vibrating head could
be replaced by an effective mass of one third its magnitude. Then further
reduction was obtained by means of a second-order level. By the second
method the effective mass of the megnetic head was reduced quadratically
in the ratio of the arms, but at the expense of a proportional decrease of
movement. Altogether the effective masses of the crystal and nagnetic
head were reduced fiom 7.1 to 1.6: g and 30°to 2.5 g respectively. The
first resonance decreased from 290 to 118 Hz.

A working arrangement of a crystal anguler-position control system is
shown in Fig. 11, partly in perspective and partly in block-diagrammatic

representation. In the diegram, 3 represents one inch wide tape, 2-15
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shows that part of the tape which is used for receipt of information of
fourteen parallel tracks. Another two trakes, 1 and 16, are indicated.
On these are recorded reference square-wave signals of constant frequency
(25KHz) and constant amplitude, shifted 90 degree from each other. They
permit detection of the misalignment of the magnetic head, that is, the
skew. If the tape skews, the reference signals have a phase difference
other than 90°degree. The played-back reference signals from tracks 1
and 16 are amplified by limiter amplifiers 4 and 5 with about 100 dB
overall amplification to obtain adequate magnitude and rise time for the
reproduced square-wave signals. The reproduced signals are then fed to a
phase~error discriminator, 6, which can detect both the sign and magnitude
of the error in the form of a difference square-wave signal. In the
following two stages this is integrated and amplified in a-d.c. amplifier
of modulated version, 7. The output of the amplifier drives the bimorph
transducer, 8, which is fixed at one end in a block, 9. The other end
is coupled to the magnetic head, 10, by the rigid member, 11, and is free
to move in the direction of arrow 12. The heed itself is mounted on a
shaft, 13, in & fixed bearing, 14. The free end of the crystal rotates the
magnetic head under the controlling error signal, so that the gap alignment
is perpendicular to the tape movement. Thus the phase error between the two
reference signals, and with it the skew, is reduced in all fourteen tracks.
For wow and flutter compensation, one of the reference signals, e.g..
track 1, is amplified by 5, and fed to the frequency discriminator, 17.
An oscillator, 18 feeds a reference signal of the same frequency as the
square-wave signal recorded on track 1. The result is the error signal
which varies according to tape speed veriations. The error is amplified
by a d.c. amplifier, 19 and fed to a bimorph, 20. The wow-flutter servo
actuator is fixed at one end, 21, and the other end is free to move in the
direction of arrows 22, about the pivot 23 in a fixed bearing 24 mounted
in a rotating block. Thus the magnetic head is controlled by the crystal
actuator over an arc which is substantially parallel to the direction of
motion of the tape and reduces the wow and flutter irregularities in the

tape speed.

5 Derivation of transfer function and stability consideration.
The transfer function of such a basic piezo-electric device, i.e. a
single bimorph in motor application, might be derived on the basis of an

electro-mechanical transformer as its equivalent circuit and the use of
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pure mechanical bending theory.

The more precise transfer resﬁonse can be derived by applying
D'Alembert's principle to obtain the equation of motion of & bimorph
bender bar. When its two dimensions are of the same order, as for example
our case here, that is, the width becomes comparable with the length and
only the thickness is relatively small, the equation of motion of this
structure is given by

where !fl, K and p are the Young's modulus, radius of gyration of the
section and specific demsity of the crystal bar respectively. The last
term in equ. (1) represents the force reaction of the rotary inertia,
which results from the added kinetic energy of the section rotating

about an axis located normal to the central line of the bar. When dealing
with electrostatic controller we have also to incorporate the mechanical
electrical and piezoelectric relations. In a crystal producing a single
mode of motion, for example in our case only the longitudinal mode, i.e.
expansional and contractional when the driving voltage V is applied, the
equations for electrical and piezoelectric relations are

£ a
1 3 S; - A 3,

o 3
©.
e W S - SRR

e = T 3

where S = strain; T = stress; D = electrical displacement; E = electric
field strength applied by voltege V; d31
constant; eT = dielectric permittivity at T = 0; !il = Young's
modulus at E = 0

= piezoelectric strain

Considering the bimorph as & four-terminel electro-mechanical network,

the mathematical presentation of the transfer ‘function is implemented
using four pole theory8 and incorporating the equations (1) and (2) with
certain ideslisations. The idealisations and simplifying assumptions

are given elsevhere.6

The system consists of an amplifier, cascade compensating lead-lag circuit

and the crystel transducer assembly, as shown in Fig. 12 Assuming small
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movement and approximately linear operation, the most simplified open-loop

transfer function of the system with the incorporated bimorph assembly is

2
1+ sT l+sT2 k/n(:o

1

(.‘:(s)=Ka
2‘1‘2
l+s’1'3 1+3T10 s°+23c°'1'°+1

. (3)

where K = gain of amplifier, Tl’ Tz, T3, Th = time constants of lead-lag
compensating circuit, k = coupling factor, n = piezo—electromechanical
transfer ratio, Co = static capacitance of bimorph, T o electromechanical
time constant of bimorph, and ;o = damping factor.
For stability determination, assuming that the signal modulated amplifier |
has a small output achieved by applying large envelope feedback, we apply |
the general Nyquist stability criterion. Stability of operation even with |
a large gain amplifier, is ensured by the use of compensating circuit nth
properly chosen time constants. In the case of larger movements, up to the
mechanical limit of the bimorph, the system becomes nonlinear with
hysteresis and butterfly characteristics. The operation under these
conditions is under investigation in order to derive the criteria for
optimum responses. g

For control applications, ceramics of either Types PZTh, PZTS,
and PZT-5H could be chosen for their low elastic Q factor, which makes
them more suitable for servo-transducer application. The table shows the
significant coefficients of two types of Lead-Zirconate-Titanate ceramics.
Recently other types of ceramics suitable for this application have become
available, and these are also listed in the table mentioned above. The
coefficients are required for the calculation of such bimorph parameters
as effective inertial mess (14), compliance (15), natural frequency(16,17),
etc., during 'inverse' piezo-electric operation. The parameters in the: 4
table are needed in order to compute mnn:rica.lly the coefficients in the

transfer function of the bimorph.

Electrostatically controlled ceramics as actuators in servo-systems have
some intrinsic advantages. They are much small than an equivalent electro-
magnet device and are immune to electromagnetic disturbances at the magnetic
head. Furthermore, in the application described above, the computer-store
tape speed and tension, motor inertia, eccentricity of the capstan, etc.,
need not be so accurately designed as they would have to be without bimorph

control. The effect of irregularities in the motion of the tape is
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reduced by a relatively cheap servo-system controlling the magnetic head.

The crystal-controlled skew compensation for the computer megnetic
store has produced an aversge improvement of 20-30 dB in the subresonant
frequency range, 20 - 100 Hz.

6. Further things to come

Ceramic crystals have already revolutionised the practice of both
"direct"” and "inverse" electromechanical transduction. There is
considerable room for exploratory work on ceramics as control actuators
especially when the whole movement is only in the range of up to a few
bundred microns in magnitude,

It is wérth _;nentionins that other researches and developments are now
in progress for the application of multimorph ceramic elements and multi-
morph control actuating assemblies. The multimorph elements for flexure,
torsional or both together in themselves are also promising servo actuators.
They are somewhat more stable than the two plate bimorph versions.

Every year produces further ceramic compounds with improvements in the
stability of their constants, which makes them still more suitable for use
as electrostatic servo controllers. In general we must accept that no
single ceramic c@omd at present available is capable of meeting all the
requirements for control application. Therefore the directions of research
will be turned to synthesising new ferroelectric compounds that will
satisfy as many as possible of the requirements on control applications.
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(1) 2.5 x 2.5 x 0.15¢cm;
(iv) diemeter 7.3 cm, thickness 2 mm.

Two plate laminar piezoelectric bars.
(ii) 5 x 1.25 x 0.15 em; (iii) 7.3 x 1.25 x 0.15cm;

Sizes are from right to left:

c¢mcnt¢dt
bond
»/
(——)
¥
\ de de e g e o 4 +ab v\Vf
A [By e § D)y e |
a \ #3) = : =
\ ax ¢ ZE, e P i
3 y=—z@ a/ Foowt
emented = —= -
. zznd d N 7 i Fig.2 Cantilevel Bmorpn bars
\\ r //’ a/_?lext.r:.;. element in series connection
\;_/—____{_ ©/ Flexurzl element in parallel connection
< ¢/ Flexural-torsional element for

composite movement.
Longitudinal cross-section of ¢/
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¥ig. 3 Piezo-resonant motor incorporating two bimorph

cantilevor flexural elements - seo fig. 4 for key

Fig, 4 Diagram of cryatl motor assembly and symbols
a - piezo-eleciric element. b - perspex
connecting beam. ¢ - magnetic tape.

d - rotating idler with ball bearing.

e — idlers. £ - talke-up spool. g - take—off
spool, h - base. i = terminal wires.

J = back panel. I - adjusting rod. 1 - take up

spool syring motor. -~ reduction_ygear.
a- ratchctgrelea.se Button. s - elbow
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Fig. 5.
Two-phase/ two=bridge
crystal motor

Fig. 6 Four bridge crystal
wnit for rotating movement
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cantilever clamp

connector link

QUTLET

caotliever support

Pige 7 Controllable pump operated by two cantilever mounted bimorph bars

power input
terminals

BIMORPH PUMP

Fig. 8 Controllable pump operated with two bimorph bender discs
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Fig. 9 16 track magnetic head assembly incorporating bimorph as
actuator - see figure 10 for key

{ - Magnetic head

2 -'Pivot pin

3 - Connecting block

4 - Bimorph in skew-servo
S — Bimorph in wow-servo
6 — Fixing clamp

7 - Connecting block

8 — Shaft

9 — Pivots in rotating block

Pig, 10 Diagram of magnetic head assembly
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2-15 /5
1 Limiter
1 Amplifier
L Pk
; 5 ' Frequency
11 5 S > Discriminator
16 4
{ 3 1 18
b o g 6 [|Oscillator |
-
23 9 20 2 Phase error
-TDiscrimlnator
i S |
'
Limiter
Amplifier

Fig. 11 Operational diagram of crystal angular-position control system

[Cmle__Ret2

=

Integrator Crystal actuator
14+5T; 14sTo n Co
1+5T3 1+37s 7 slToz"z‘ go'roﬁ

Phase detector
| T Ref. 4

Tape

disturbances|

Fig. 12 Block diagram of servo system with bimorph bar actuator.
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TABLE
OF COEFFICIENTS OF LEAD-ZIRCONATE-TITANATE CERAMICS

_Piezo- Young's Elastic Relative Piezo- Density Maximum

electric modulus quality dielectric electric Operating

contstant factor constant coupling Temperature

factor
+

Symbols d31 YEn Q €. K31 [ T
Units m/V N/m2 - - % kg/m3 %
Multi- ‘
plier 1072 108 % 2 10° 100 .
PZT-U4» -123 8.15 500 1300 0.334 Tsd> 200
PZT-5A* 271 6.2 75 1700 0,344 T.75 250
PZT-5H*  -171 6.15 65 3400 0.388 7.5 130
HST-41%% -157 i § 70 1800 0.35 7.4 -
G-1512%%  -232 6.3 70 2600 0.37 7.4 -

*Brush-Clevite Ltd., **Gulton Industries Inc.
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PRECISE HIGH-SPEED ABSOLUTE POSITION
CONTROL USING A MULTI-TRACK OPTICAL
GRATING

A. Russell
National Engineering Laboratory
East Kilbride, Glasgow, Scotland
1. TRANSDUCER REQUIREMENTS
In the field of precise high-speed digital positioning such as is

encountered in on-line digital plotting and integrated circuit mask manu-
facture, there is a need for a transducer and a measuring system which will
fulfil as many as possible of the following requirements. )

(a) Give accurate and precise measurement.

(b) Traverse at high rates without loss of information.

(c) Have minimum frictiom.

(d) Be immune to electrical interference.

(e) Have minimum inertia.

(f) Have a minimum of electronic complications.

(g) Have datum-shift facility.

Owing to the high frequency of operation it is not considered necessary
to have a digital read~out from such a system. If it is essential however
this read-out can be obtained from the digital input data with the system at
balance. y

Previous work at National Engineering Laboratory in extracting absolute
digital displacement information from multi-track optical gratings resulted
in the development of the NEL absolute displacement measuring system = and
in a novel point-to-point positioning system3. The absolute behaviour of
the multi-track optical grating fulfils requirements (a), (b), (c) and (d)
and, by using plastic instead of glass for the grating base, (e) can be
satisfied in some measure.

2. MULTI-TRACK OPTICAL GRATING
The accuracy and precision 6f optical gratings has been well estab-

1ished4 and requirements (b) and (d) can be satisfied if positional informa-

tion can be extracted in absolute form. (Absolute is defined as existing
by itself without rglation to other things.) If coded patterns are used
resolution is lost owing to the impossibility of interpolating the digital
'bit' size., However, although individual cycles of the grating waveform
cannot be separately identified, each cycle can be divided into many parts
by the technique illustrated in Fig. 1, and each intermediate waveform can
be given an absolute identity. Where one cycle of grating waveform
represents the full stroke of a system each intermediate waveform will

represent the most significant digit of the input data.
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In Fig. 1 the sine and cosine basic grating waveforms and the inverted
sine (sin) and basic cosine waveforms are applied to equal value resistor
pairs. Intermediate waveforms are generated at the resistor junctioms.
These cross the zero-volt level at 45 and 225 degrees, and 135 and 315

degrees respectively. The amplitude of the R1/R2 intermediate waveform (V)
will be

R
V-t:ose#(si.ne-cose)’(R—l—i—R2 (1)
and the amplitude of the R3/R4 intermediate waveform (W)
v-coae+(?'ﬁe-cose)x—9i'3-—. (2)
R, * K,

A suitable potential divider cam be chosen which will produce any
desired number of intermediate waveforms which cross the zero-volts level at
the desired intervals. The potential divider consists of a chain of
resistors which will yield at their junctions the potential division (P) of

sin/cos voltages

nl 2
P ¥ : i sin 6 3)
s/c Ry +R, 8in 8 -~ cos 6
and for cos/sin voltages
R,
N
P cos 6 “)

c/s ~ R, + Rg BP S % iy

From grating tracks of 4 lines or less per mm (100 lines/in), however,
serrisoidal (linear) signals are emitted and the potential divider can be
completely linear.

It will be observed from Fig.-1 that, if either of the intermediate
waveforms were used as a control error waveform, it would have a tolerance
of +180° or *A/2 before running into phase reversal error. For instance,
if it was desired to lock-on to position 5 (sin or sin waveform), the error
signal due to variations from the balance point would be of correct polarity
till position 1 on either side, beyond which the phase-reversal error would
cause a new lock position at position 5 #*A.

Phase-reversal error tolerance = :ol8 =

If Fig. 1 represents one cycle of information from the coarsest track

. ()

rof>

of a multi-track grating and each zero-voltage point represents a most
significant digit of the input data, then it will be seen that by including
a second track eight times finer than the first and similarly dividing this
into eight discrete parts A,/8 of the first track will be equal to X, of

the second track and the 1,/8 points will represent the second most signifi-

cant digit of the input data. Thus a series of ‘discrete points can be
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provided representing, in this case, digits in octal of multi-digit inpu:
data. :

If a position control servo system is balanced by the data-selected
intermediate waveforms from each track in turn, starting with the most
significant, an absolute analogue positioning system which will fulfil
fequirements (a) to (f) is feasible.

3 PRACTICAL TOLERANCES
For a more practical decimal system with, say, a total stroke of 1 cm,

it is essential to control the transducer from any instantaneous position
within the stroke to any other position dictated by the input data. From
equation (5) it is obvious that the total stroke cannot be greater than 1/2
in order to keep within the phase-reversal tolerance (tolB) of *x/2.

Thus, for A = 2 cm and a stroke of 1 cm, a suitable 180° potentiometer
for a grating cycle of 2 cm may be as shown in Fi;. 2(a). The resultant
intermediate control waveforms (serrisoids for simplicity) are shown in °
Fig. 3. The second most significant track has A =1 mm and a full 360°
potentiometer, as shown in Fig. 2(b), is required for continuity.  Assuming
the data input to be 8.5 mm, one must consider the accuracy required at
point 'xn' before control can be switched over to the second track at point
Ry

If one designates the 1 cm stroke of the coarse track 'xn' and each
sub-division unit 'Gn' (1 mm), and in the fine track one cycle and one sub.-
division 'A _,' and '§ _ ' respectively, then the main tolerance will be the
phase-reversal tolerance (5) which will now be

tol8 = *xnz_-l. (6)

Since there is no particular phase relationship between the grating

tracks, the '0' waveform chosen on the 'm - 1' track will be the one nearest

coincidence with the 'n' track intermediate waveforms, both at zero-volts

condition. This, however, could give a worst-case error of
Y
- §
n-1 )

grating phase displacement tolerance = tole - —

From tolerances (6) and (7) must be subtracted a selection error
tolerance. If the 'Xn' point represents steps of, say, units of 'An_l' (as
shown), then the 'Gn_l' units selection could vary from the 'Xn' point by
9/10 x )‘n-l' This error is much greater than tolerance (6) above so the 'Xn'
point should represent steps < 'ﬁn_l'. The 'Gn_l' units selection could
then vary from the 'Xn' point by only 9/10 x Gn-l’ within tolerance (6).

In any case the selection error tolerance = tolsel = 9/5[0 x y, where

¥ = the unit steps of 'Xq'. By the inclusion of an extra resistor, Rtol’
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in the potential divider this tolerance can be expressed as

selection error tolerance = tol..el = !%. (8)
Combining equations (6), (7) and (8) shows that the 'xn' point must be

accurate to

Aa-1 61:-1 Y
total tolerance = mltot = 2 S -—2—-_- 7| 9)

In the practical example of Fig. 3 one can substitute values for part of
equation (9)

An--l'. 611-1]
(part) mltot = % o

o sfimm O.1 mm
2

3 ] = 30,45 mm.

Clearly the 'Xn' point will have to select units of 0.1 mm to an
accuracy of *0.45 mm. This can be done with a Kelvin Varley divider where
the most significant digit sets the two—pole switches and the second most
significant digit selects the appropriate one-pole switch. If a very con-
servative potential division accuracy of *1 per cent of AL is assumed the
accuracy at 'Xn' will be *0.1 mm. As much better potential division
accuracies are possible one must consider larger amounts of division to
exploit the system fully.‘ .

4, SYSTEM '3:100'

Fig. 4 shows an artangam:ent for a '+100' system. This has a two-
track grating, coarse track = } cycle/cm, fine track = 1 cycle/0.1 mm
(100 cycles/cm) and resolves to 1 part in 10* (lu).

A double Kelvin Varley bridge is used in the coarse potentiometer so
that 'Xn' output will select units of 0.0l mm (= y). The total tolerance
of this arrangement becomes (9).

e :[Ag_l P 6;-1 E %]

. .f0.1 m _ 0.01 mm _ 0.0l mm)
k2 2 W

= $(0.05 - 0.005 - 0.005 mm) = *0.04 mm.
This, for a total stroke of 1 cm, is a potential division accuracy of

0.04 um 100
1l cm 1

= 0,4 per cent.

The switch positions in Fig. 4 represent an input signal of 4.445 mm.

It should be noted that, owing to the insertiom of R in the '660'

tol
potentiometer, the 'Xn' value will always be that dictated by the first
three digits of the input data plus am extra 0,005 mm for tolerance pur—

poses.
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This 0.4 per cent potential division accuracy can be achieved if care
is taken in grating signal amplification to preserve waveform and stability;
only very close tolerance resistors for the initial potentiometers in
both channels and stable driver servo-amplifiers should be used.

An interesting ':60' system can be used for angular indexing applica-
tions where the coarse track consists of 360 cs/rev, this ':60' (in Kelvin
Varley steps of %6, #10 (#6)) provides an 'xh' of units of 10 (+5) seconds,
while a second track of 21 600 cs/rev is subsequently divided into steps of
one second by the same method (36, #10). The potentiometric division
accuracy required is *0.55 per cent.
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APPENDIX

1. THE TRANSDUCER

The relative position of two gratings of similar pitch causes the forma-
tion of a moiré fringe pattern. Recent developments5 have made possible
accurate transducers on the principle of a short 'index' grating and a long
'measuring' grating mounted adjacent to each other on the two members, the
relative movement of which is to be measured. Modern methods of master
grating manufacture can produce gratings of high accuracy and durability;
linearities approaching one part in 10% have been achieved.

Serrisoids are producéd from coarse gratings (which act as a linear
shutter) while fine gratings can be adjusted to produce sine waveforms at
the photocells with a fair tolerance in 'gap' spacing between grating and
index.

As the described positioning system is d.c. throughout some care must be
given to d.c. stability. In the fine track shown in Fig. 6 the four
indices are arranged in 'space' quadrature. The four photocells are con-
nected into two 'push-pull' pairs, 0-180°Aand 90-270°.  This arrangement
produces an increase in amplitude of the sin and cos waveforms while can-—
celling any d.c. shift caused by variation in lamp brightness; e.g. when a
pair of cells produces zero-volts both cells 'see' equal light and produce
equal and opposite voltages, this condition will hold good over a wide range
of lamp brightness. Variations in waveform amplitude are ﬁnimportant as
this will not affect the zero-volts position of the intermediate waveforms.
Matched silicon photo-voltaic diodes should be used.

In the coarse tracks shown in Fig. 6 the index slits are in-line while
the four tracks are in 'space' qua&rature (this reduces the size of the
index reading head) but the cells are again connected as for the fine track.

The light source should be a lamp and collimating lens with the fila-
ment parallel to the fine grating lines. The Frésnel gap between grating/
index for 100 lines/cm demsity is not critical, but a slight 'tilt' between
the grating and index lines may be necessary to achieve sine waveforms.

In a system ten times coarser (stroke = 10 cm, resolution = 10u) serrisoids
will be obtained from both tracks.

High stability amplifiers are necessary for signal amplification and
unity gain amplifiers for insertion at the Kelvin Varley switch points to
avoid load variations in the potentiometer.

Resistors of at least 0.1 per cent accuracy are required in the initial
potentiometers, but this accuracy can be reduced for further potentiometers
in the Kelvin Varley chain. Thermal stability is not important providing

no thermal gradients are allowed to develop.
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2. DIGIT SHIFT

The system dperates on positive intggers on both axes but, where datum
shift is required for centre zero co-ordinates etc., this is best done by
inserting adders between the input data and the intermediate waveform
selector (Fig. 5) which leaves the actual system unchanged. The adders can

be used to match any input data values to any particular machine datum

within the range.
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(o) 180° POTENTIOMETER

(A =imm)

5

RESISTOR VALUES (ohms) RZ
Ri RZ R} R4 RS
SINUSOIDS 613 439 396 439 &I3 g s

SERRISOIDS 500 500 500 500 500

(b) 3bO* POTENTIOMETERS
FIG 2 sin/cos POTENTIOMETERS
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STAGNATION TEMPERATURE PROBE WITH
A SERVO-CONTROLLED RADIATION SHIELD

By
Horacio Andres Trucco
Technology Laboratories, Inc.
400 Jericho Turnpike
Jericho, New York, 11753 U.S.A.

Advanced

e INTRODUCTION

Experimental determination of parameters defining the
gas flow for hypersonic regimes, combustion processes and
high-temperature flows in general, primarily requires an exact
measurement of the gas stagnation temperature. The techniques
for temperature measurements by immersing a probe in high-
velocity and moderate-temperature flows are well known and sat-
isfactory; the shielded thermocouple probe is considered to be
the most adequate because its recovery factor is close to uni-
ty. This probe is an evolution from the one originally de-
signed by Franz'.

However, for temperatures from moderate up to high or
very high, the shielded thermocouple is not the most conven-
ient because its recovery factor decreases as the flow temp-
erature increases, and, in addition, the probe calibration
devices are expensive and complicated.

In this report, the behavior of a new probe is theo-
retically analyzed, for which radiation error can be auto-
matically eliminated by means of an electronic servo, causing
the probe recovery factor (at steady state) to be independent
of the flow temperature and equal to unity. Such a probe will
directly indicate the actual flow stagnation temperature.
Since no correction to raw output is required, higher accuracy
is expected and no additional parameter must be measured to
perform the standard corrections; also, the probe will show
better frequency response.

2. EXISTING TECHNIQUES FOR MEASURING TEMPERATURES

The leading criteria in designing a probe are well de-
scribed in the literature. Once the probe is manufactured,
the typical parameter indicating its gquality is the "recovery
factor" defined by

T -
r & S - lgp
TO i Toc
The determination of this parameter is the object of the probe
calibration. Winkler? has proposed and demonstrated experi-
mentally for shielded thermocouples that:
Ko 3 -3/4
r = f(Nu Egl or = f(piTo ) (1)
W
It should be pointed out that r is independent of the Mach

number. Once the probe calibration curve expressed in accord-
ance with Equation (1) is known, the calculation of the actual
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stagnation temperature immediately comes from

T = Ts

r+ (1-r) (1 + 1:% M:,)'1 (2)

The application of Equations (1) and (2) requires the simulta-
neous measurement of Me and a pressure; these two additional
measurements would not be required if r = 1.

To better point out the timportance of r, Figure 1 shows
the ratio T4 = f(M,) plotted for different values of r. From

To
these curves, we see how important a high r is, which enables
us to make a better interpretation of the raw readings, and
the T, computation in the iteration process is simplified. Fur-
thermore, the errors introduced by the uncertainty of y de-

crease.
Everything which has been said above is valid for steady

measurements; the unsteady phenomena add a new error in the
measurement due to the inertia associated with the probe in
following the temperature changes. Such errors depend upon
the probe time lag associated with the time constant t of the
probe which is calculated as follows, if the radiation effect
is negligible:

PsCsVs

hsAg

If the radiation effect is to be taken into account, the time
constant is expressed as follows:

psCs Ds/4

hs + 406 TSf3

T =

This last equation is in accordance with a linearized solution}
however, a different equation® can be used in calculating .
The frequency for which the attenuation is 3 db is

fo.® Ll
? 2%t :
For the smallest commercial thermocouples available and under
the best flow conditions, fc can only reach approximately 10
cycles per second.

It is always possible to reconstruct the actual temper-
ature, even for unsteady behavior, if r and T of the probe are
known. Reference (6) gives an analogical technique to parti-
ally obtain it. However, when we wish to study fluctuations
associated with turbulence or when obtaining correlation func-
tions, we must consider

Probe's space - Frontal cross section of the x Resolution
resolution probe at the measurement point length
where

Resolution Mean flow velocity
length 2 Upper frequency limit of the probe
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Generally, fe is adopted as the upper frequency limit. Ideal-
ly, the resolution length of the probe should be approximately
equal or less than its minimum frontal length in order to give
a meaning when speaking of measurement at a point. A calcula-
tion under the best flow conditions for the smallest thermo-
couples gives a resolution length of the order of inches, which
indicates that the thermocouple is inadequate for this type
of investigation. At present, only the hot wire with an
aspirating probe is adequate, but it is necessary to know si-
multaneously the gas stagnation pressure. It should be pointe
out that the output of such a hot wire probe is influenced by
fluctuations in the gas composition; therefore, the indication
does not depend only upon the temperature. However, when this
effect is important (for example, for combustion processes
where oxidant, fuel and combustion products sensibly differ in
their physical properties), the double hot wire aspirating
probe can be used to separate tamperature and composition fluc-
tuations. The above review shows how useful and interesting
it would be to have a thermocouple probe whose response would
be in the range of the hot wjre.

The radiation error in a shielded thermocouple probe
may be calculated by

o NHE
error F;— (Tp*- T;)

or by a different formula suggested by Scandron et.all Under
steady conditions, the inside temperature of the shield T, is
always Tower than the one reached by the thermocouple (except
for surrounding enviroments whose tempcrature is higher than
the gas stagnation temperature). The higher the gas flow
temperature, the higher the difference will be, thereby cor-
responding to an increase in the radiation error. On the
other hand, for transient phenomena--where the shield has a
time constant higher by several orders of magnitude than the
thermocouple--the difference between Ty and Tg will be still
higher. The technigue for reducing errors by adding several
concentric shields?® has given good results; however, this
obviously is not the most desirable solution for experimental
investigations due to the large size of the probe and the
large time constant of the assembly.

. DESCRIPTION OF THE PROPOSED SYSTEM

To the shielded thermocouple prove, we introduce the
basic modification that the inside surface of the shield is
automatically heated in such a way that its temperature T,
equals that of the sensible thermocouple Tg. This automat-
jcally eliminates the radiation error and in addition sensibly
decreases conduction losses. As a result, the r of the probe
will be independent of Ty, (t) and should be very close to
unity. This scheme from & steady point of view and using
manual control has been already analyzed by Moffatt® and Wood!®
Wood has demonstrated experimentally that with an adequate
heating for the shield and thermocouple base it is possible to
obtain a recovery factor egual to unity. However, the dynamic
behavior for automatic control will be analyzed as follows:
Figure 2 schematically represents the physical layout of the
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proposed system. The thermocouple Tg indicates the flow stag-
nation temperature. The inside surface of the shield is coat-
ed with a heater element whose temperature may be varied by
Joule's effect. This temperature is sensed by the thermo-
couple Tp. The signal, of both thermocouples is amplified and
its difference plus 1 Tg(t) drives the current amplifier which
feeds back to the heater.* The tachometer compensation net-
work was added expressly to make the following analysis more
general.

K i | DISCUSSION OF EQUATIONS GOVERNING THE SYSTEM

We shall assume some simplifying hypotheses: First of
all, we impose the design condition that between the radiation
shield (or internal heater) and the outside surface of the
shield, a thermal insulator such as quartz,pyrex, silica, etc.,
is located. Due to the fact that the thermal diffusion of
these insulators is aboult 400 times less than most of the
metals, we may assume with negligible error that: a) the heat
transfer from the heater to the outside surface of the insula-
tor is negligible** and therefore, gthe thermal balance of the
insulator may be ignored, b) the temperature gradient in the
radiation shield is zero in any direction. We assume a per-
fect thermal contact between the thermocouple Ty and the radi-
ation shield, i.e. that the thermocouple will instantaneously
respond to temperature changes in the radiation shield. In
addition, we assume that the flow passing inside the probe is
frozen but not adiabatic, that the catalyzer effect is absent,
that the emissivity and absorptivity of the gas is negligible
(this is an adequate assumption due to the small thickness of
gas through which the radiation heat interchanges), and that
the radiation shield completely surrounds the thermocouple.
Finally, we assume that the heat conducted through the thermo-
couple wires is negligible. This assumption is expected to
be adequate, because the support for the wires may be designed
to allow the wire temperature to be close to that of the radi-
ation shield and, at the same time, to take into account the
well-known design criterion of length increasing and cross
section decreasing of the exposed thermocouple wires. On the
other hand, if we do not call for this assumption, partial
ierivatives should be introduced in the equation system. In
arder to simplify the understanding of the problem and the
discussion of the equations, Figure 3 shows a block diagram
from afunctional viewpoint according to the previously estab-
lished assumptions.

* It should be realized that this amplifier must be of the
“"clipper" type (so that it gives output for input>0). If
not, the system would be unstable.

** This assumption is valid if the phenomenon analyzed has a
time duration much smaller than the time constant of the

thermal insulator.
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Thermocouples Tg and Ty are assumed to be of the same
material; however, due to the uncertainty concerning the equal
behavior of both, there exists the possibility for T, to have
an output lower than Tg. It is obvious that for steady regimes
this could introduce a system instability. In order to elim-
inate this possibility, it is necessary to introduce a constant
T which is of the order of the mentioned uncertainty. For the
same puvrpecse, we have intentionally introduced independent am-
plifiers for Ts and Ty whose gain could differ by the order of
hundredths (Kp>Kg). Obviously, when t is higher or the dif-
ference between Ky and Kg is higher, the radiation error in-
troduced will be larger.  Under these assumptions, the egua-
tions governing the system are as follows:

Heat balance of the thermocouple:
de(t) & L 5
d g S b g lepd i Teltdy , %6y (Tiltd ~Tsltdy (3)

Heat balance of the radiatior shield:

dT b 4 Y
d —E{LEl -8 {T°e(t);T°‘(t) Te(t)3-r 1(t)-c (Tolt)-Ts(t); (4)

Energy balance of the flow circulating inside the probe
(we assume there is no variation of kinetic energy).

Toelt)+Toj(t) (5)
¥ EAE 1 = Oe +10j4 4
0,(t) = "og(t) = fy - Te(t); .
Electronic feedback system: I
3 & dg(t) (6)
I(t) =K {Ts(t) - KlTr(t) ¢ x} Ly 2 T_
where
K o
K = Eﬁ.ﬁﬂ gain £7)
R
K : :
Ky = : o gain ratio (8)
s
KfTag
T = ‘—E—" time constant (9)

and T= constant, obtainable by adjusting the reference junction
of the thermocouple Typ. The significance of the remaining
coeffieients appears in the next section.

Since the resulting system is non-linear, we cannot
analyze its behavior .y means of standard servomechanism tech-
niques; a linearization of the above set of equations has been
used allowing standard servo techniques to be applied. Since
the results that could be obtained by this method were limit-
ed, it was deemed necessary to solve the problem in an
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analog computer.

4, SYSTEM -RESPONSE FROM ANALOG COMPUTATION

The set of Equations (3] o (6) governing the proposed
system was solved by analog computation. The investigated
solutions correspond to a typical probe geometry used for ex-
- perimental research (see Figure 4). For this probe the equa-
tion coefficients were computed as shown below. For an opti-
mum value of the shield vent holes, we assume a Mach number
inside the probe, M; = .10; for the flow stagnation temperature,
we adopt Tgg(average)=2,0000F. The stagnation pressure inside
the probe is equal to the pitot pressure since the common
values in hypersonic regimes vary between 1 and 50 psia; for
our case, we adopt 15 psia. The coefficients are not to be
assumed constant, because they depend upon free flow conditions,
however, W8 accept that they are constant within a Timited
range around the average values. For the probe geometry, probe
materials and flow conditions adopted, the following values
have been determined for the coefficients:

a = pgcgVg = 1.50 x 10-10 (gTU)
f

b = heAs = 1.50 x 1078 (BTU
SECUF

c.= OfeAg = 3,00 x 10°20  (BTU

1 §ecoF
' -6
d = PrcpVp = 1.50 x 10 (BIY,
OF

e = heA, = 8.50 x 1076 (BTU_

secOfF”
£="he - 0.90

NCp
r = RE = 3.16 BTU
(Sec KmpZ)

R = 3,330 (R)

The computation of a,c,d, and P is obvious, however, the re-
maining computations require more attention. In our case,

b has been computed by adopting the values of hs for heat
transfer between air and spheres according to Figures 10-11,
page 266, of McAdamsS . For calculation of e and f, a lami-
nar flow has been assumed inside the probe (since the Rey-
nolds number referred to the insdie diameter is = 450) adopt-
ing for hr the experimental values of Figures 9-20 from
McAdams®. When employing the thin film thermometer technique
to manufacture the radiation shield with conducting paints,
its thickness could be reduced up to 100 times less than the
typical value adopted in Figure 4. Consequently, a value of
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d=1.50x10"8 was also adopted for the computations. Two

basic tests were investigated: step function and periodic
variation of the flow stagnation temperature assuming an ini-
tial temperature of 2,000°F.

4.1 STEP FUNCTION RESPONSE . :

The basic step function test investigated was Tg,(t)=
460 u(t) + 20009F; however, two steps with amplitude 6150F and
500F were also investigated in order to find the effect of the
input amplitude on the output response. The response Tg(t) of
the standard shielded thermocouple probe, that is, without the
compensat¥ng electronic servo proposed, (or for K=o, t=0) shows
a settling time* of 1.00 second:** A series of tests with the
computer showed that the settling time can be reduced substan-
tially by reducing the radiation shield time constant, con-
sequently, all results presented here correspond to a thin ra-
diation shield (d=1.50x10=8),

Figure 5 shows the probe response (with thin radiation
shield) for the four cases investigated: standard probe, pro-
posed probe with compensated output, etc. This figure clearly
shows the improvement in the standard thermocouple settling
time, that is, from 1.0 seconds it was reduced to 0.003 seconds,
a reduction of 333 times. Curve D was obtained by restoring the
output by means of a derivative compensating network as shown
by the dotted lines in Figure 3, by proper choice of the time
constant t¢.

The effect of K; (see Equation (8)) was also investi-
gated; it was found that by making ky>1 the settling time in-
creases, but no steady state error was observed.

4.2 RESPONSE TO PERIODIC INPUT

The temperature in a gas flow does not stay steady,
but always shows random, or sometimes periodic, fluctuations.
In order to investigate this effect on the probe response, two
periodic imputs (superimposed to the initial 20009F) were
chosen: sinusoidal waves and square waves.

Figure 6 shows the probe response for five sinusoidal
inputs of the same amplitude: 460°F, and 50, 100, 200 and 800
cycles per second. The main observation from Figure 6 is the
presence of steady state error due to the sinusoidal input.
This somewhat unexpected result is due to the presence of the
clipper ampliifier on the feedback loop, which causes the cool-
ing cycle of the radiation shield to be much slower than the
heating cycle.***

*"Settling Time" is the time required to reach 99% of the
steady state output.

**This large settling time is typical for rugged probes which
were designed for hours of satisfactory operation.

***1f thermoelectric or "Peltier" cooling effect could be used
on the radiation shield for the cooling cycle, the probe
would not show steady state error.
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This behavinar is undesirable; the steady state error
is slightly dependent upon input frequency, and it averages
39% of the periodic amplitude. Figure 6 also shows the steady
state attenuation and the fact that the response is perijodic
with the same frequency; Lissajou's path obtained during the
investigations showed this conclusion more clearly. Square
wave inputs give the same type of steady state error as for
sinusoidal inputs.

58 CONCLUSIONS

The standard shielded thermocouple probe was modified
by adding an electric heater on the inside surface of its
shield; this new type of radiation shield is fed and controlied
by an electronic servo as described in Section 3. After de-
riving the system governing equations and analyzing its re-
sponse with an analog computer, we conclude that the proposed
probe system is characterized by the following;

a) The probe system shows no radiation error after
reaching steady state under any type of input. Then
its recovery factor should be unity.

b) If only signle loop feedback is used (no tachmeter
feedback included) to control the radiation shield
heater, the probe system is stable under any type
of input independently of the gain K.

c¢) When using the complete feedback system, the probe
system is stable for any type of input provided the
gain K and the tachometer time constant t stay be-
low certain stability limits, which vary with input
amplitude.

d) The settling time of the standard shielded thermo-
couple (no servo) is 1.0 second for a step ampiitude
of 460°F over the initial air flow at 2000°F.

e) The settling time of the proposed probe system for
positive step function is shorter when the radiation
shield heater is thinner.

f) By using thin film radiation shield (0.00001 inch
thick) and adding a derivative compensation network
on the output, the probe system settling time (for
a positive step). was reduced to 0.003 seconds,
which means a 333 times faster response than the
standard shielded thermocouple.

g) The probe system response to a "negative step"
(referred to the initial 2000°F) is the same as the
standard shielded thermocouple; this is due to pres-
ence of the clipper amplifier on the feedback loop.
If the state of technology would permit use of the
Peltier cooling effect in conjunction with the radi-
ation shield  the probe response would be the same
for positive and negative steps; furthermore, the
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two undesirable conclusions h) and I) would not
exist.

h) Under periodic input (superimposed to the initial
2000°F), the probe system response shows a steady
state error of 39% of the input amplitude. The
time required to build up this error is 25 milli-
seconds. This steady state error is not very im-
portant because for a 2000°F gag flow, typical temp-
erature fluctuations average 50°F of amplitude.
This will give 20°F steady state error, which is
only 1% of the reading.

i) The probe system attenuation to an 800 cycles per
second sinusoidal input is 95%. This fact shows
that the probe is not adequate to measure tempera-

11 ture fluctuations associated with turbulence, etc.

6. RECOMMENDATIONS

The investigated probe geometry is quite rugged, and can
be used in standard supersonic and hypersonic facilities. Be-
cause its response was found to be 3 milliseconds this probe
should be fabricated and then its actual behavior compared with
analytical results. The scope of the present investigation
should be extended further; i.e., since the probe response de-
pends basically upon the time constants of the thermocouple
and radiation shield, an investigation should be conducted on
the use of a "“thin film thermocouple" as well as a vacuum de-
posited radiation shield in order to improve the probe response
and minimize the steady state error due to fluctuating inputs.
The last approach may lead to the design of a stagnation tem-
perature probe whose response could match the hot wire response.

SYMBOLS

Area, wetted by the flow

Internal diameter of the probe, or according to subscript
Conversion factor from Watts to BTU/sec.

Mach number

Nusselt number=hgDg/kgj (for the sensible thermocouple)
Electrical resistance of the radiation shield
Absolute Temperature

Volume

Specific heat

Specific heat at constant pressure

Convection heat transfer coefficient

Thermal conductivity of the gas

Thermal conductivity of the thermocouple wires
Thermoelectric effect

Recovery factor of the probe

Time

Mass rate of flow inside the probe
Abseorptivity

Ratio of specific heats

Emissivity

Stefan-Boltzmann constant

Density

Time constant

-

MDD AMLQRLEA+ATOXTXTOON<—HODZ2MO>
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Unit-step function(defined for t>0)

SUBSCRIPTS ,

denotes adiabatic stagnation values of the free stream
denotes free stream conditions

denotes adiabatic stagnation values of the flow at the
entrance of the probe

denotes real stagnation values of the flow at the closed
end of the probe (around the sensible thermocouple)
denotes properties or geometry of the sensible thermo-
couple

denotes properties or geometry of the radiation shield
denotes properties of the gas at the closed end of the
probe (around the sensible thermocouple)
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Figure 1: Effect of Probe Recovery on Actual Output (y=1.40)
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Figure 5.

Proposed Probe Response
(Thin Radiation Shield) for four cases investigated:

Standard Shielded Thermocouple Without Compensation at all.

Probe with Simple Feedback: K = 6.85x10-4 - t=0 - t=0
Probe with Complete Feedback: K = 6.85x10-4 - r=8.14x10-8
Probe with Compensated Output: K =6.85x10"% - t=8,14x10"

- Tc=0
- T¢=2.4 msec.
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Probe Response to Sinusoidal Inputs
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