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СРАВЮ· ТЕЛЬНЫЕ СВОИСТВА, ОСНОВНЫЕ ХАРАКТЕРИСТИКИ 

И ОБЛАСТИ ПРИМЕНЕНИН ЭЛЕКТРО~~1ИЧЕСКИХ ПРЕОБРАЗОВАТЕЛЕЙ 

A.П. iliopШ'Иil 

Ивс~иту-r ав~оuатиШil и ~еJiеuеханики, Uocua, СССР 

Резулъ~аток .расширециа и усложнения задач автоuатическо­
rо ')"Праменп~ .~ коа~ро.nв SЭWlocь воз1Шкно:вение nотре оности в 

nростЫХ Кало~аоар~жиыХ ~eue~ax ддв подучения, nреобразо:ваuия 
и хранения инфорuацп A1iS дди~еы.ных "непрерЫВНЫJ( или .дис.крс~ных 

npoцeCCOI При Ш4_3КИ~ ypoJiuп .ПOJl634blX СИI'ШUiО:В И (ИJШ) iiИЗitV.X 
часто~. · вНДвИ3ение _ ~тИх и · цекоторых других сnеци~ических тре­
бовSний к эле~~н~ам, yanau в npиuopau, свизанных с новыми эа­
дачаuи. ~тouai'и-~eciWro- кoвтpOJlJI и . управ.uеiШя, привело к тому, 
чж~ не~dотра: на ивтенси~ое развитие вакууuпой и полупроводни­

ко:вQй .э.п~nр0ники, 'За ПОСJlедние I'OAbl 11рОЮ3.14J1СЯ ИНТерес К Приме­
неnию 3JlеitЖрохиыачее.ках ~аений дда nостроеnив nреооразовате­

JАей• _удощют110рmощих со:вреuанШI )'СJiонви. В э.пек~рохиоческих 

эJieuer.iтax ИсПОJlЬэуютса п!Юцессв в _эJ!еi~tроли~ах (аидких иди 
· твердых) : и :в- nоларвнi DдКостях I • Эти процессы uoryт оыть 
по~ое~ью- аnИ ча.сжичво оораж'~ аnи nрактически неоора~иuы­

Ш! .. соn:ро:воадаисв изuенеииеu концентраций. коr.шоненжо:в раст­
воров. рас~ов.рениеu и оса3Дениеu ue~aJIJloв, образоваiWеЫ и раз­

руиеннем ~кспдных w1енок, Переие1:tением жидкостей и др. В na­
C'loяiцee вре!Ш . разраuатываю~с.и и частично np1!1:.1eiiЯIOTCЯ разноо~ 

разные -эдеRтрохимические элеuен~ы для восnриятия внешних :воз­

деi.iс~вий, дnа уси.певии 11 преобразовашш спrнаиов, дщ1 хранения 
значений веJIИчин, . ~в саuонастройУ.И, дистационного и телеуп­

рав.;н~IШя и др. ilроводя~с.и раооты no созданию уnравляемых 
электрохииических ыатриц. делаются nоnы~ки исnользованиа 

ЭJlектрохимичесЩtх ЭJiе_иентов дш1 uоде.лирования uиол.оrичесrшх 

оuъектов, ведутс.и поиски ~ектрохииичес1u1х сиетеш и nроцес~ов 

Н&iболее nригоднЫХ АЛЯ со.здааив преооразu:ва1'елей. · 
Су14ест:вуm[4ие элеrtтрохиt!Ичес f\Ие элементы ыоltНо ~одразде­

JIИть на две груnпы. В nервую групnу входят элементы, ииеющие 

выразешiЫе nрейtJущест.ва и.ии ocod ~-o e св· -: с ва, о ·есп~ч -tвающие их 

np UlllilJleunoe применеnие у-з. в . ст~яцее • ·;er:J.я. Gю_ца ОШiо от­

нести: 

. I) r1 тег 
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тоэлектричесшш и.nи электричесшш считыванием , 

2) ЭJlектричес~ие выnpiOI:i .~.е.йъШiе дио..щ AJlR оченъ ма..'lых ~o­

ROD низкой частuты, 
· 3) датчики nерекеШiых или ИШ1,Удъсuых ~авлеiШй и rрадшщтов 

да.вJiе.i:ШИ низкой и инфранизкой частоты, 

4) датчики состава коццуктокетрические, га.лыш.нические и 

др . 

С;ущест:венUШi интерес для рЯда областей примене шя nред-

с~а:вляют, в nервую очередь, элеh-ттроши:ические интеграторныв 

;элеиенты: 

(I) 

rде - выходной ток, - speuя ero про~еАЗНИя. 
электрохимические интеrраторuые элементы с~~ественно раз­

пичаютса по своим nараметрам и практическии возмоsзостлм в за­

висимости от тиnа электрохимической системы, исnользуемого ЭФ­

фекта и сnособ~ счи~ывания (табл.I). 

У газофазша интеrрадЫIЫХ диодов выходшш napШieтpou ЯD­

ляе~св с:иещение c1'o.noиrta электро.и.ита fj х :в каrш~iляре, соедш­
няюцем электродныв хаuеры, заполненные :воАородоu: 

R1' j'i . 
дх~r (' z~~~{f)e/r (2} 

1 fvи.- ~ 

где р - даiШеш1е во~орода, Sx ~ мощад~ none.1eчнoro се-
ч.е;шn ка..пшшяра, ~ - константа nриоора. 

Xapaктepllble nарсшетры Гu:зофазных э~еиен~ов сu.в та6л.2. 

Тшtие элементы вьшусiШ .. ~!>~ся прш..1ы.ШJlе.~ностью. 

O i~l1C.i1ИTe.aъ:lo-вoccтшioDilтe.:!:ЪtiЫЙ nроцесс ·na ра·~очих элект­

Р дах IШ ~кофазных инте:г аторных :элеыептов п ро.те:кает по схеме 

A.,+ne ~Al 

A2-ne --..А f (3) 

l' е А 1 - о · ·и с.пенна.ч и А.2 - :во сста.ilовле rшая ~ гяла к ~ :по-
нентов раст13ора. Д: я: тип:iчных ycJ оп: : , ког а ск · ~о сть n оц с­
са о tpe е;~яется n. а~т 1ч · ски то .. iЬ ""О .z\~ ! !f· ~·У "Ие::-1 к nд:;.· оду v ор:ш А 1 
п;iщен:гращ ouruя э.д .с. на .~:~ЫХ д ... и.н"еrрuт • ·ого де~ да оnро-

... ~еляе ся по y~J 



5 

r "" i ?~ '( ( t) ol+ ( 4) 

) F- ~~с lO , ;j:~ея , s и е-
1 • .-:J __.:Q ь ... :: ..:Е,;." ч~ огv e'i.J .. "·~Я .:. ~~ша кс.uср , ~ --а~грuе~ч t ':iЫX no­
; ~::c:. ~ : . ·· - l .i 'S l, ... _Юм~:r · ~ i t ~ 1 - ~СlЧа.iiЬаон Е :~ц..;Li'::.рац1ш ~- рr.ш .4r 

-• '"' - ·~.j;;.: i..; ·о ~.1 :.1 ... :1. ). ~ р1. Е с ~ < Е 7 ЗtHЗ.JC t uuc~ь с~щ·о-

5 . ~ 
Е 

~с 2КТ -
(~) 

с.. ~с .. ...:.~~- -..:З :;.1 .... ·: -" ~;1 ~.,. .axa~ior·o зu._ fi;.ia ~ l;..;,,... ..... ~я;;~ся 

L~. v = S е И ~·сх '· ,...:.!~/ ' ZOtЩ ri .. ац·1еИ 
uveuou 1Ui­

CDI 

( j) ta ... ... .. . ..::. ~ .: t• 
\ .· ; - .. ... -- . · ·~ . 

~. • ..; .. . - ...... ! ............ "* 
. <' .. . -...... . .. . 

(б) 

ъ(.: Ш1я верхtшn 

y"':;.DJ : GTiЗJpЯTЪ 

. (7) 
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·~с IZ.З - ' ') 
.,hесъ S~e - c.vw.шpuua эьЕШ~еа:uаа n.:1~4ЩUa 11оое · "'чuл'о со­

. ti ... . ш E3ПJI!r Bi)O.D nei~r~ ! одm1, р~щ.е.шr~ей щз~о,;ujю u ~щодц:;.о 

&::Llet Ut {~ • Ж~Ч,И~ nepi;)I•upoJW.U. 
r ыz~~uo~ nui~~p жи~~~~ трио~о~ - ~ тотромов- ~ок 

;. . . ,y-Jv·Q I", UеЗДJ UtlO,..OU Ид~ .. I'.~U~';JiЛiJГ\J ~(; ... 0.!~~ i1 С'~ 
':.L001J.~Ш З.UCh"'ipo.-.uu в tldO~dv~~ шшu._,в, cia i";.i:....~ 1 llil .ш;~ие ·.ся wl• 
~ ..• ца-;; ....-~ь. ос c~"~cu.20 Е z , Lfi> Хt; ,дr:.'ор~с~шс~ : 

11/Е:- ~ ? 
е '-е /kr 

е Чг + е Ut/~:т 
( 9) 

r~· ~ u ~ iШ P11:0Шlfi з.ue.~-.-~~-;-J .• ~ ~~тp ... .;.;I~· ~n 
(.; ti' 1~ ·. • ~J~c ·~ · ·ic!i:;:poдa z ~м1 Utlo~a, а {C";t - -~се·.: -.~н.~!~ 

~:; :д;/ 'l~~u~ ~ J.~1Л:tT _., ;Jt дШ1е '1'tШ iQ~')~OK 8 ВUY.O,:-tlOU -~о~ З U I' ~··U:.··.-~- ,~~ •. - · 
·~а · · : .иD.Ue!u-1e~ .::Ш1'~.У3ШS 1<1, :tчJ Il;ш .. ~<.;~~= =-... ~~~ - ..:.~ 

. i~ .:ufii'~o · uач~ш1а 

( О) 
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насту ает насыщение и nреде~нЬlй tок диффузии: 

~~ = " Г]); ScA 
СА (II) 

В этих услоiШП:t прахтичеса используеша п:-и uтеrрироваиви: 

!"а.,, 2 ~ ,j ~.~ (-t) dt 
(12) k7 "]) 

( ~r s ,е , а Кт - консtавта элеuеита). Характерине 
е А 

з ·а ч · v. я ociюBiiЪIX nараметров триодов и тетродов - см. табn.2. 

'зер~о1~зuы~ интеrраторные элеuеижы представлевы в вастов­

щее время :1аи альшиu раз1Шо6разиеu тиnов {тa6Jl.I. 2). ОШ4СJШ-
".l. ль ·-ю-восстаiiоiште.n.ьuшl процесс nротекает у ша по схеме: 

.".,. 

Afe- ne ~ Ме 

м:f -r ne ~ Ме (I3) 

Иасса вещества, раствореШiоrо ИJIВ осаsдеиноrо аа uепро­

де за время 1: (в частности за вре11а одного циКJiа у AIIOдa с 
ДИСRретншд СЧИТIШаlШеiS) 'Г 

. т - __& 1 'i," {-1) dt 
ие lt р 0 (I4) 

г ;...е А - атошшй вес, fl ~ RОэффициевt mпода по tоку 
В случае каrш.llJlярной ячейки • выходной napaueтp - сuещеиие rpa-
ницы раздела электрод-раствор: 

'Г 

л х = S jz~ 11 (t}dt 
L..l В'l)( l ~ (I5) 

~ . . 

причем ~ · = п Flf.. 5" - чувствительаостъ (здес:. 0 -
nлотз сть с толбик~вецества, ~к- nаощадь ero nonepeчвoro се­
че ·.ш) . При и с .О]ll)ЗОБаШШ такоrо элемента в качестве счетtШка 

в :;~еi.1е 1ш нара ·отш! : 

i 
н 4.р (Iб ) 
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rде Ит- иапраепие ce~u, ~ - оrраничивашщее сопрожиэ­
JLеiШе, Jг,- сопро:mвлеuе ачейви. 

Особый uвжерес -предс~ашu:шt жвердофазнне каJШ.jlЪШiе жриоды 

с uоао~овнни иэмевеииеu линейвоrо соnротиваопиа ~~t иа выхо­
де в зависшsос~ш от з.nектричссь:оrо зарs.да, про~екшеrо во вход­

иой цепа [ Z, 3 ]. llpи дос1'а~очво uaпou R~" • рцввоыервок 
оса3деwш ueтWIJia на ЭJleK!fpoдe хра.аешш: 

~.,(t) 1 
::: 

(17) R~., t 0/ . 1 + ~~~~ oJ_ r·r;, t f J ott-
1.f .:J" 

rде '?ч ( 0):: ('Rc ч ) Жt:Jt." - 3Не:tЧеШ4е ВЫХОАНОГО СОПрО'lИВJl81ШВ 
в начал:ыwй ·моuевж, ~., (f }- жо. se в шоыев~ t J а · 

~ . . 
F z· . -: 1f = -"'-J ( е· (ПрИЧЕШ 10 - средшш DJIO'lBOC'lЪ 

осажд.;:оrо ueтaJIJia, у - ~ro уделъно~ ~оnрот~е1111е (.­
~на Э.!l6КТРОАа хранеRИЯ)е llpu ,!;,OCTa'IOЧiiO ООЛЬШИХ r~ CIW-
pOCTЬ ~зuенения соnрс,тиШiени.в [ 3 ]:. )" 

do;" . 1.f1 · 
dt (IS) . 

t. = 
'"'" (I9) 

( { /,= ),..~Jt- наиболы:шй доnустшшй жoit ynpa.wxeШIIs). 
При тиn:~чnш ycдOBl:liiX соnротr.ншеlШе по цеШ4 с1Штьшания д.I1Л 

nspeueннoro ~ока [ 4): 
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rде t{. - длина эл ктр да :хранения (резистивноrо электро.ца), 
/('J(1 - сопро1·~влеш'е его единицы длины, А~,- 1Юэффициент, ха­

·ш·т~ изу94! ·" 1a.:iaA еl3СШ1й шшеданс эдектрод-элеитроJШ~ на едv~ 
шщу АJШIШ ЭJ ектрода. 

fio диаnазону вреuен интеrрироDаНИв, .величинам жоко.в, точ­
ности, rаdаритам эдектро.иитичес .. ~е интеrраторi.:IЫе элеuенты :в 

ряде СJ.lучаев ш.1еют нвdЫе пvеииущества ( см.рис.I). Они обладают 
выс-о i-:аn Jшнейностью, очеi!Ь uащш сооствелньш noтpeo.uellИeU {де­

с.hтiа! иJlи сотни шшроватж) , nриrоДl:lостыо ддя интеrрирования 
доле .. шкроБу .. онов, uoryт раGотать от .вентw1ы.шх фотоэдеuентов, 
~ уриопар, ~атчиков Х~1а и др. Габаритные размеры их н пpeвы­

ilu..J ·~ разr.юров ииниатюрша электронwа .nшш, а вес составл ет 

2 + 20 г. Ншiоолъшая 1очность достигается у жвердофазных инте­
г аторных элеuезтов с ~nскретныа считыванием. 

П~;оцсссы ~ электроХlШических ЭJ.i.емевтах протекаю~ в весЫ1а 

·.ш .. cr.1x с.; ях, из11еряеша дошши r.широна, жак что моаио ожидать 

nоявлеiШЯ знаtmте.;,.ъно Go.uee WIШtaтюpwa ЭJ.iеuентов ("DJlaнap­

iillX"). 
ilupoкoe npиueueнne n~.nучат в бn~Ишее вреuа основанные 

на рассыотр u 1ux nринциnах счетчики uашинноrо вреuени (в связи 

С НСО6ХОДиШОСТЪЮ KOHTpO.lll'IpOБaTЬt В СООТВеТСТВИИ С l'ОСТШШ И 

нориаляии, аботосnосооность а срок cny.adы раз.uичиых приооров, 

ап аратов и машин) (рмtс.2) [ 6], а тапе интеrрирующие звенъя, 
особапно с 6ольпиии временаuи интеrрированив, узлы вастройки 

и ..... а L'l'ивных систеи и оnт~шиза:rорuв на основе твердофазных ка-
на.. .. :ь!iЫХ триодов, узJШ за....ерпки и др. СуществеlШый интерес npeд­
cтaв..1fiiDT ·.raiOie эдентрохшшчесiWе rштеrраторНЬlе ус ройства д.nа 

а:в?оtш~ич ' с · ·ой оораоотки изuерительвой инфориа.ции, реwшзующие 

алrорuты вnда: /(/ 1 t
1 
+ { х ( f) _ r (f"} J dt 

t; 

}f,· = .t х;· J/iн[xft}-r {+.)] dt-
(2I) 

B - J XLw .oc: азiШХ эле nтрохшшческих выnрш.штел.ЫlЬIХ диодах ис-
n .:ьзуе ·rся ОЕИС ИТеi ЪI.О-ВОССТЭ.НОВ.!ТедЪНЫЙ nроцесс ПО СХеМе а). 

Z~IИ сr.G ростъ zpo4ecca оnреАеляе ся nрактически только диф~у­
зuсй , то Иilтегралъuое yp~r еrше ДJiЯ нах ж.цеiШя 'l'ока че · ез диод 

[5] : .~ 
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rде 

{) =и F S С . i. = .!!__ f- е,_" t Д z.tт/cf tA 1 J (23). 
~J ~J. 1 11. 7) а 2 · а 2. 

, ., 2 
~ . 

nричем ~ - радиус с~ерическоrо ~IкроЭАек~рода, а индекса­
ми I и 2 тuечены величанн, относящиеся соотБ~тственно а фор-

маи А1 и Aj 1 • • •• .. 

При t -+tX:J) !i,.l (f)~ 1
00 

в 

1 

С/ ,., 
(24) 

так что статическаа во~такперная характеристика ДИQда 

Е t- [з 1 Q. itiO _ \ .~ 1.1 • ;_ J 
.. = t= т "(-f- h FSC."j)J -t.L'- .FSC., I>) (25) 

Эле~тро~тические »ыnряиителъные ~иодн nозволяю~ выnрямлятъ 

весьма ~a.Jlыe токи - от сотых ишt десятых долей микрошше~ до 

сотен ~кpoaunep, что обесnечивает иu су~естDенное прещuущест­

во (при аизких частотах), по сравнению с диодаuи, nос~роенныии 

на друrих nр141ЩИnах. На основе электролитk!чесi~Х Диодов этоrо 

тиnа создшш элементы, peWiи;зy;oJ:U-1e операции :. х и Гр х 
в .IШip кои .z,.иаnазоне инфранизl\ИХ частот [ 5 ], а ~aRSe э.;J.еuе нтьt с 
отрицательныи сопротиВLеииеu. 

ЭлектрuлитичеСiШе и электроuинетичеСl\Ие неразонаnснuе да~ 

ч.ики tшлых nepeueнdьtX и ИШiуJLьсных давлений, датчиiШ rрадиеп­

тов давлен;й (в частности электроакустичесКие преооразователи 

Иiцilpaшt~i~:oй и звуковой частот, приrодlШе для работы при uчеш, 
1 . 
~ысоюtх стат .ческих давлениях) и ~атчики ускорений, 1w.x в 1дно 
из рис.3, 4, 5, имеют nJеимущества по GIИJ?ИHe возможного частот­

ного диапазона и охват • tшзких частот, ХО':i:Я и устуnают пьезо­

ргзис'"ив .. ьш nрео -разовате.шш, no чувст.вительности. характерис­

Т iка вхо ·-выход для электрокинетиче скnх nрео6разователей лИ~ 

в · •1р .ом диаn зон амплИтуд . я холостоrо хода: 
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-4/ Л.- (26) 

где ~- - э.11ектрошшетичесr-..ий nотенциал, t!, •./"' , А (Г-
дL- ~1скт~ческий коэф<i-И~1енж, .и.инш.1ическая вязъ:ос'.J.'ь и резуль­
Т~iрую:цая ЭJ ектропроводность раuочей жидкости~ ~('л - коэфQи­
циент , уч~1Тii:ва~.:>циt · RI1ИЯilit1e ГИ,!..;родинШl •. чесr~х с во с тв пере го­
родки. 1U.шд:1ту~о-частi..Тilая характеристика этuго перо с.iразова-

'.!.'iЗЛЯ: 

V' +{U)r,.,)" (27) 

( ~ - механическая пос7uянная времени пер~о~азовате~я). 
ХаJактеристика вход-выход кидно~азnых электролитичесю1х 

~атчиков ... дJ.;ТШ!ЩИХ по cxeue (2)) ;JUJ одной из конфигураций 

като~ного канала: 

L 2ГGо~ . [1-~ (- l27r~/fq1.!.._ р 
4..--: 3 з ·д ре,. р 84 ..1р4!1(~в) 

~Q .1f 

где ( 0 - концентрадив неосновных нuситеJlей в свободном 
uuъeue, ]) - коэфt: ициент АИqJ\l:.УЗии, О , й , .{, - rеоие-
тр 1чес ие -·азмер.ы. щел~вого канала, ,;"~ - диншшческав вязкость 

~~с вора. Изменяя фuрму катодного канала ~оаво получать раз­

личные шшш11тудн.ы.е характеристики (JШнейные, логарифиические 

и ,u.p.). 
Ука · апные :эдементы.., в раз.iiичноu исnuлнении n лучают при­

uененuе в качесiве се~смоАатчиков, датчиков оиологических nа­

рсшетров, ан:;с ·rичсских nриеШiиков инфра3вуково ~ час~от.ы. и др., 

И3 iюторых эLе t·~рокине~ичсс~,;ие - ооладаmт высокой шшeitillocтыo 

а:.анди~удных характерис~И\ и ааиоолее широкиы динаиичоскии диа­

nазоном, а э ... ек~рuлитичесш1е - очень iШзкиu час '!·отным диапазо-

10~ . О~нако и те и другие в настоящее время уступают новым оG-

азцсш n.оезоэлектрических и nъезорезистивiШХ дажчиков по paGo­
чeiJy диапазоау теШiератур. 

lliи p ко nр1 · сняются 1 выпуска~тся · в лабораторном и nромыш­
ле · н·о r.в. г. с OJllieHoи раз - ~ чаые т ·шы э ·· ектрuхиuических 'Концен~:ратоr 
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.меров д.nя раствороь и газов (nepeue_aнuro тока, контаrстr1ые и 
бесконтактные, а -..rакже Га.Lьваничесr\Ие). 

B'lupym групnу ооразуют ~лектро:хиr.шчесr~ие ·зл ыенты, требую-

. щие доnоJШ11Телъноrо изучеtiИя и у.1iучшеш1я их хэ.ракте~ист~ш . .;он­

но ожидать, что соответствующие · и~1сдоваш1я позволя~ оnреде­

лить такие о масти nрш.tенеиия, кроме указанuых :выше, где ока­

жется це;1есоооразньш исnодьаовать электрохииичесilldе npeoupa-
. зо.Ба ~1.-е11и. В эту rpynny моsно, наnример, отнести: 

I) электролитичесiсие датчики вибраций; 
2) 
3) 
4) 
5) 

элехтроШiнетичесr~е датчиюi скорости; 

индикаторы малых наnряжеuий; 

инфраниакочастотныс жидкостаые усили1·е~!ьнъю элсi.lшrты ; 

эJiектроJlИТические и электроюнюти~есrutе фушщ:..юсiаль­

ные элементы; 

6) твердоwазные электроiiИтичесш1е исnоJШитедьnые элшденты 
и усилители мощности и др. 

Для разви~ия даннои оj~шсти авт:;uатшw неооходиuо nрове­

.це.ш1е иссде;.:.ований в СJiе.цующих основных Шlli paв~eнvrяx: 

а) изыскание новых nринциriо:в nocтpuet ия :J.iiCK'.i'iJuxш.шчcc .:их 

систем для расширения техничес~.их возыов1юс~еи э.ilен:трuхн :пче­

ских э.иеые.а~ов; 

б) иссдедование ou~x свойств и характеристик датчиксв ,­

nрс;оора;jова1'е.~lей и других э.иементов и пахощение наиоодес це­

Jюсооорuзных о()Jiастей их nрииенения; 

D) ра;3рuvо-тка теори~1 и методов расчета Эдс;;I\Трохю:ичсских 

элементvв раз.~шчных nринц.иnов дейстБия; 

r) . разраоо~ка cxeu с исшмьзованием э е rtтрохи.:.1ич ; ских 

элемеnт·JD :в устроИствах а:втоиатического упра.вде ·пдя и iiO тродя 

и мотu;::.ов i~ае;ч:ета таких схем; . . 
д) разраG-.лка новейше~1 технолог1ш иэготов.uош1я э юю:рохи­

мических элеuентов, uбесnечивашщей их высокую наде:~.юсть. 

· заключеаие 

Про.ве ;.;енное сравнение характеристик дает BOJtlOJ!t Jюcтъ зэ.­

IUiЮЧИ1'.Ь1 что на основе э;~ектрохиШiчесl их систем возr о :::по с~' iЮ­

ить разноо орuзные датчик.1 и нреобразоватеди иш~.:u раации д .я 

процессов с оченЬ шtз ~ •. ими час·r;.;тами (01' десятых иди Сu1'ЫХ до­
лос : герца -.с r.юнее), .с очень Ма.Jlыми токам11 (до. до.~1ей мюсро-
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~ott) 11р~1 со :х~.:а : е ·:..u :u c.:JL:a u~L.JX r.\J ·· ЩУ 'J.' D и LIO •• iou п rr · ~~ошtи 

энс· r~~ • .5U(;сте с ~.-cu ~u1.ис с:1схеL:Ш • з :.:~ f._J~ соJдёl.вать э.::iс• 

r. A.B•J .: :л'Иu. Э...i.ert~·pcX ИM1lЧ(!C~ie ~дс:.ш.:l'fВ (осаотше ocuueu-
uuc~;: J .. l::.lШCc~;..~:шa.ц •. Jн), .J~i-~1 l.НШ . ~ , t1 З,. ,, .J .1Сргия , I ~~..:t . 

2. : А,Н,U01)Ш'ИН• ~.G.Ci.i'J.'PvXИhfw1'leCl~0 d~.LCbl t:. 1 ~Ь! . l:.U1i'1 ~ J , l r, 6 . 
- . 
3.- ъ.c . :oj)vBiroL , · D.~.'l'pG..йep •. J.: .. н~трuхш.шчес~ие ан~iОГо ые 

~ШiOLШ~~UIO~e j'С~рu ~. (;~.ВЗ ( jJCr-'bltTOp J~,ii e l:lU i_)blГ~Ш), ·: J~ • 

~У~_;И t J,_, I 9C'I• . 
4. A.н . ~\Jt i.!l'U~. Иcc.ua"-oJ3a.blle :вход.tых 1 БШ."\ >. • ., .-шх ~ nере,..атJЧНЬIХ 

Y.~1,(l ~ .. С[.ИС'ХИR ~Dер,..;;~:;,д3Ш1Х l~ ' lbl•bl:tf:lX dЛIJitTpO.HU1';;,чccrШX 

· ~ · · , ~ .-. u!:l . ,,- . .,om ,)· · ·X •H ' J~C1 <т> i ' 1 ...... ~~~ UDf2 • J_J•~ ..",..... ~ • u •• "'"'•.._•l ...., .. ......._ •• ,J..I • • t J.._- 1'-- · · 

:., , P . !~ e hИl'....;O.:i?YL..JИtl, '.l'о:;р~я Э.U\5 ~ - ~f;.JX~tj ~tl..;C.\\JI'IJ ;.ЩОА3• iiil t 
~ . 1~ :} , ()._; -' t !%.Jt ;;;; 3. 

(, , д , ii • . J~i'JЫI'U11t З ,B, h.a;..alш.tl , vЧе'l'<iЩм1 L:lamiШIUl'O BlJeue 1~'1 • 
.1 ру,и.Ы АН Api!,CCP (прИIJЯ10 R ПС 1iiИИ ). 

7. :i-. , (· , Г.iccc · :.-luB , ; : . C , t ~.u~~н.:;;u.мO • t>;..;eex"'~c nроцесс в ::элеит­

роюt:lО~~ ~ ..;c;.mt cei- crJoHpQ· ez.: ·uшax. il ~QЫe'l'pr-:я, c'ip,l , 
!').' ·, . ':: 4. 

• 



--------~ . 
Тrшы шrтегра- : 
торного эле!Аен-: 

та : 
::Э(j_Jфe tt1', исnольэуеныtt для 

nрео:5риэовапия 

. . . .. 

Та:5лица t:~ I 

Выходная физическая 
величина 

. . 
: Считывание . . . 

---------------~- . ------
I . Газойл:Jзные 

ОУшсл ;I телыю-восстано:вительпые системы с инертпшш эле1tтродами .· 
а/ об ра эо:ваrше, nыде пение и rюr1roщe..;. а/ изменение разности о:5ъе Ви:зус.JЛъное 

ние :водорода nри ЭJЮiстрохимичео- мов /1t!ли дивлепий/ ra-
Icиx реа1щиях · за над разноипешшыи 

электродами 

-----------------------

б/ эамыкиние и ра эr.шкашже ЭлектричеСiюе 
ЭJIСitтролитичесiсого 

ItOIITDICT3. 

б/ иэ~.1енение свойств электрода при а/ иэт.юнеrше элrнtтропро- , 
поглоt~снии водорода, о:5рDэуlацсго- :водности элеl.l'рода ~1rектричес1tое 
Cf;l nри ЗJI81СТрОХИМИЧООitИХ ПрОЦОО- б/ ИЗИСНОНИО ICOHЦeJiтpa-
C8X цио1шой э.д.с. ЭJrеiстричесiсое , 

2. ЖищtоqJЭзnые Иэr.юнение распредеiюния концентра- а/ изменение копцентра-
ции ко~.шонептов элеitтролита по ционноtt э.д .с. Электричес1сое 

Виэуа11ЬНОе или 
эпентричеСlсое 

оjъему ЭJtсю.'рохиr.1ичес1сой яче ti юt б/ изi.юненио оптической 
ШЮТIЮСТИ ЭЛОКТр01ШТО 

в/ изненсщJ~ rтеделъпого · 
тотш дlill~yзrш Электрическое 

-================~========================================================================= 

..... 



========::: ==================== ==~======================================= ::: ::: :-.::::::::= .:-: ===== : =·- =~:::==== 

3. Твердофаэн~е 

Оitислительно-восстоновительные системы о энеtстрохимичесtси 
растворимыми Э1Iеitтродами 

в/ иэrюнение массы вещества эnек- 8/ изrленение ЭJieicтponpo-
rpoдa за счет переноса водности nлсктрода 

rJ/ ИЭМСНСftИе ОПТИЧССIСОЙ 
плотности тонкопле­
ночного элеttтродз 

J/ иэиенение линейных 
размеров элек!tрода 

r/ 'tэr.~енепие веса элен­
трода 

Элеttтрическое 

Фотоэлеitтри­
чеспое 

Визуальное, 
Фотоэлоктри­
чесJсое, 
~ JICitтpичecicoe 

д/ иэмснеш1е элеitтропро­
воднос~·и ячеИitи /за 
счет из~енения геомет­
рических ~аэмсров 
ЭJieitтpoдal · Элеtстричесrсое 

----------------------------------------------- ---------'J/ иэнснсние ровновесного потев- Иэr.шнсш~е шщен~rя папря­
щшлэ пp tf шtодно~~ растворении жеюш в элс iiтрохимичес-
аноюю-о iстишюго металла IШ кой ячеИ11:е ЗJJект р,ttч ес кое 
ишэртн оИ подлошее 

U1 
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Та~лица 2 

т~mы электрохи-! ~~акси- :основная: а )Теr.ше- • ВХодной :наи-
ш1'Ческих инrе- :мапъное:погреш- :ратурная : тoit :5оJ:ь-
граторных эnе- :досrz,Ir-:ност:ь :nогреш- : (а) : ш:1й 

иенrов :нутое : {%) :ность : :вход-
::вреии : ., ~,JOC) • :ной 
:интеrр.: :~)Ра~очий: :заряд 
: (сек} : :диаnазон : : ( к ) 
: • :. теr.шер~- : : 
: • :тур (~) : : . . ---=·------ т-·--

I :2 3:4 : 5 : 6 

!.ГазоФазные 5 6 интеграторвые IO +10 2+4 
ю·rоды (с визу-
альным отсчетои} 
и триоды (с раз-
рушаю~ д~скрет 
ныrJ электричес-
юш считьmанием) 

2.Жидкофазные I06+I07 3+5 
~штеграторные . 
диоды (с нераз-
р;уо аюtЦ~1'J считы-
вание:.. по коп-

центрационной 
э.д.с.)и триоды 
(с неразрувающw~ 
считнванием no 
nределъно:.1у току 

диффузии) 

3. Rид!tосоазные I03+I04 2t-3 
интегратбрные 
тетроды (с не-
разруuающии счи-
тнванJеu по nре-
делъноuу току 
ди : }узии ) 

L~. Твердофаэные I07+ro8 5+15 
интеграторныв 
диоды (с :в:-tэу-
альньп.1 отсчетом) 

5. Твердо~азные ·ro4+ro8 2+5 
шtmеграторные 

диоды нспрер·m-

пьш 'Iеразрушаю-
Ц1Ш электричес-
It:1:.r и ;~отоэлеiс-
тричесfuш счи-
тываниеи ) 

. . 

a}I,5+2,3 10-9+10-4 0,05+2 
CS)0+60 
(с о~ыч-
ныu эnек-
~ролитои) 

тоже ro-б+ro-4 O, I+I 
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.-----.------~--

1 . 2 . 3 : 4 • 5 
- ;-::--" ~ ~::~це . O<f. •Ir,?!.~:~-· -а)--::--~~ 

... • ..J v _ ...J · • .:V'; ... Lw • V .._• ~ L • ) - 9 '"" ~ • t .L -
,. . " ..., ~~.,.., ., ., . тп ") ' 
. .... ... ..:.-.!. v....J - _iJ .;. .:.tJ U 0 --~- r~ 
- · --;··Zc :т· · c: · ne"'• { ~~- ;)j • 
.&....; ... u~ __ ,. -, . · "' L.J - .. ~ 
p:J3 ::;: ·: :з..:: :г · эпек­
'l": ::ч ....... zc~;..,: ·считы-
ь - !-!:! ._1 ) 

? • Тв -·~ о\::азиые I04+rг5 5-!-~о 
д:ю ы \с iieпpe-
puвgыrJ нераэру-

, а J~Z·.:J t~отоэлеr~­
тоиче сю1~ считы­
ваu:1еt1 ПО OПT11I­
Ч8C i.O i; паот~ости 
эле·\трода хране-

н:zя) . 
8 . ТВСDДО<~ЭЗН.~ ,..·-04+105 . +15 

•• Бu;:ьпне трио-
ди (с пепрерш-
" ::r:.· неразрушшо-
~и:. считызапriеt1 

ilO сопрот~в~еRUm 
э e r:"'po~a хране-

нлi) 

а~ С ~:> 
(С О5С.:~1 .. ?Е 
э~е~=--- аi1Ш­
то:.: ) 

ТО 8С 

• б . 
-ti~ -4--,4 

·- ,О 

1,0 



18 

---=·~~--~~~---~ю~~---~fо~· ______ ,о ___ • ___ .. ~-· ~~~ 

1 U4 IIft ,., 111 "_~ ~-~ 
IWW111f 
lo 

1ii 

i ..._.;."",..,.: ~j,~ .. .".,.,_ . .......... 
~ 

423 

1 ~,..".,J~~~~-1 
i ,..,..- • ."."...._ ~ . 

'7?// m~ 
11 i .._н.-~ !J!W~..I .н-.,-:1 ~!!!!!!!~ t4Z2 
~ "..,. & ~,_."" ~~. 

zmnгzzzd 

~...,..~ ~~ с .,., .. ~_, 
... ,и41,.. .,..с.,с-. 

esгzzzmza 

о 
~ 

1 .-.,~.", .. tн4 • .f ~~~·~ 1 
t (tl -611~ .• 1-~""""· с..,,. . ) ... 
" ~ .JИ~Ir8~"..] те'"~ 1 t 
~ (СО ~-,., . по -.:f ~~) 

wzzzmm 

~ 
) 

""9,~",._.,.~ /01-.-.J ~ 1 lt .. 
} о 
~ 
t r•~_...: ~ ....... ",.,...: \ ") 

~ ~~ ( t: ~~~и. t:wn•~) о 
r 
\( 

.,.",~~.J ~~~~ 1 " 4 (С !J"Cir~,..,..".., ~,,.,_,, _ _ ~,.; 

10"' to• to• 10" ю• r-·-
r~~ 8')- ·.:.:;:з VC==:J &~ 

0.01 Q l t fO fO(J v. .. ,.• 
о 1 ч ' 1 w/0 6 

Рис.I Сра1шсние xdpCi •_орных оСл ; стей зн ачений пара ~iеТ-

ров ш~егра 1•орных элei-.!eH'l'OD , основашшх на раз личных (!ИЗ ~- !-

чос 1~:~IХ nри нц~шах. 
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Рис.2 Сравнение по основным nараметраrА электрох~шичес-

ких I элеh-тро;~ехани1.Jесщх счетчиков . м.аrпgrюго вре 1ени, а 

так.~се сопоставло:;ние этих данных с .тре5ованиш .. ш к таУJШ счет­
чикэ:J. 
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THE SOLip· ELECTROLYTE OXYGEN SENSOR 
THEORY AND APPLICATION 

S. J. Lawrence, West Lynn, Mass., H. S. Spacil and 
D. L. Schr.oeder, Schenectady, New York, all of the 
General El'ectr.ic 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 also 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 will 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 11 zir conia . 
This material is basically zirconium dioxide) Zr02 , with con­
trolled additions of one or more oxides which simultaneously 
increase its electrical conductivity and l ead to development 
of a cubic crystal struc ture. Oxides of, calcium, yttrium, 
ytterbium and scandium have been used for this purpose. If the 
proper amount of a stabilizing oxide is added t o zirconium 
dioxide (typically 5 to 15%), the resulting stabilized zirconia 
has a unique type of electrical conductiv "ty . Conduction is 
almost enti~ely by o-- anions moving through the crysta l 
structure, with very lit tle conduct ion by either positive (meta l­
lic) cat ions or by electrons. Stabi lized zirconia has a nega tive 
tempera ture coefficient of r esistivity . Typical resist ivity is 
about 10 ohm-cm at 1000°C. In contrast t o many oxides, e 
resist ivitv is independent of t he oxygen pressur e over the 
zirconia, down to very low oxygen pressure levels. At 1000°C, 
the lower limit of t his oxygen pressure range . is ~ot higher ~ 
t h a about lo-21 atmospheres for calcia s tabilized zirconia. 
The melting point of s tabilized zirconia is about 2200°C , so 
tha the material is a true olid electrolyte up to th~s temper­
at re . 

Operating Pri ncip le 

The high oxygen ion conduct ivity of stabilized zirconi a 
allows it to be used f or measuring oxygen pressures_ or con-
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centrations in gas mixtures. Figure 1 i s a schematic cros s 
section of an oxygen concentration cell consisting of a 
stabilized zirconia electrolyte with electrodes attached t o 
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 oxyge n pres ­
sure, such as air. It then serves as a reference elec tr ode . 
The potential of the electrode exposed to the sample ga s is 
measured with respect to the reference electrode. In t he ce ll 
of Figure 1, the open circuit EMF is given by 

H~~ 
where 

CRT 
4F 

oxygen pressure of sample gas, atmospheres 
reference oxygen pressure, atmospheres 

(::.) 

c 
R 

T 

F 

2. 3026 (conversion from base 10 to natural logarit ,~m ) 

8.313 (gas constant in joules/mol) 

cell temperature °K 
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 allow oxygen to trans f er through the 
electrolyte without forming ions. 

3. Reversibility of the electrode to allow gaseous 
oxygen to ionize freely at the electrolfte surface. 

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

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

log [ oJ (2) +~ 
CRT 

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

0 
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 lo-24 
atmospheres is allowable, resulting in an open circuit voltage 
of about 1300 miilivolts. A nickel/nickel oxide reference at 
850° generates an oxygen pressure of about lo-13 atmospheres, 
and allows measurement to lo-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, lo-7 atmospheres can be measured. 
Figure 2 illustrates the range of equilibrium 02 partial pres­
sure at 1000°C in several commonly encountered industrial 
atmospheres~ The rontinuous measurement of 02 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 experiment~ 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 ~r02 ; it 
also minimizes the amount of joining and sealing required. We 
found that commercially-available zirconia tubes often leaked 
be yond 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 .. 
t~ght. Commercial grade powders are spray-dried to ____ prepare 

1 fre~ · material for the plapma-arc spray operation. $~abiliz~ng 
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and sintering agents are added. 

02 Partial Pressure and 02 Content 

This oxygen sensor measures the equilibrium 02 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 H20/H2/02 or 
CO/C02/02 or similar, will redistribute according to the 
equilibrium constant for the system at operating conditions. 
In a gas cons~sting of oxygen and an inert diluent such as 
nitrogen: 

[o2] xP (3) 

where x mol fraction oxygen in the gas 

p total gas pressure 

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

1 
KT 1 

where K1 • equilibrium constant for the reaction: 

(4) 

(I) 

In the carbon monoxide-carbon dioxide-oxygen s·ystem, the 
equilibrium oxygen pressure is: 

(5) 

where K2 = equilibrium constant for the reaction: 

eo + 11202 ~ co2 · (II) 

Logarithmic Units for 02 Partial Pressure 

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

pO log 1 
(02]~ 

For most cases of interest, the pO value is positive, 
dimensionless, and is in the range 0-14. 

(6) 

Another logarithmic expression with units of calories per 
mol is defined as: 
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eO= 4.575T log ( [oz] ~) (7) 

The eO 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 Oz: 

(a/b)M + {1/2)02 -~ {1/b)MaOb (Ill) 

where both the me~al M and its oxide MaOb are either solid or 
liquid. 

The standard Gibbs free energy of formation, Ll ~ Ob' for the 
metal oxide, is negative for a ~table oxide; the g~eater 
magnitude indica~es greater stability. Values of ~ G~Ob 
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 pO value corresponding to the 
Oz partial pressure that would result from the above reaction 
is: 

(~G~Ob/b) 
4.575 T 

where the Gibbs free energy is in cal/mol. 

The oxide Ma~ will tend to be reduced if 

pO > po§aOb or eO < tl ~a~/b 
and conversely, the metal will be oxidized if 

(8) 

(9) (10) 

(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 o:f p08r2o3 
and pO~iO as obtained from Ellingham diagrams. At 1000°C, a 
hydrogen atmosphere containing 100 atomic ppm of oxygen will 
barely reduce Crz03 ; 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 

Th~ output of an oxygen sensor is usually in error by a 
relatively constant voltage bias, except where- a high net ion 
cur-rent 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 -02 
pressure, uncertainties in the measurementof 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 
resgonse of about 56 mv per decade of 02 partial pressu~e at 
850 C, this voltage error will lead to an absolute measurement 
accuracy of about 0.2 decade in 02 partial pressure. However, 
it is possible to reduce the effect of the cell voltage error 
to about 1 mv • 

. Where the logarithm of the 02 partial pressure is measured 
below lo-l5 atm., an absolute accuracy of 0.2 decade leads to 
at least a relative percentage accuracy of 

100 [log (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) I 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/4rmay be expressed as a linear 
function of temperature: 

CRT 55.695 + 0.049588 (°C-850) 
4F 

1his corrects f or any deviation between the set point and actual 
tempe r atures. The l atter may be read from a thermocouple at­
t ached direc tly to the electrolyte . 

The func tion of voltage versus oxygen concentration is a 
~t r a ight line on a semi -log plot. The computed, plot can be re-
place·d. by a s i;nilar 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 
usecl. 

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

z*- z 
--zr-

flp 
Pc + log ( Z*) 

Zc (13) 

where 

z 
z* 
Zc "" 
T* = 

.AT 
T 
Pc = 

actual oxygen content 

indicated· oxygen content 

oxyge~ content of calibration gas 
measured cell temperature 
T - T* 
actual cell temperature 
total pressure of calibrating gas 

ll P difference in total .pressure between sample 
and calibration gases 

* ~ P/Pc and CJ. T/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 02 contents. 

With the barometric pressure varying 3% from the mean, the 
first term is ± 0.03. With an assumed temp*rature measurement 
error of 2°C at 850°C, the value of C AT/T is t 0.0039 . . 

z* , 
The following table shows the maximum relative error in 

as a percentage: 

100% 
1% 

100 ppm 
1 p.pm 

Max. % Error 

3.0 
3.8 
4.6 
5.4 

Ana lyzed gas m:' xtur e s were used to check the performance 
of the s ystem after a direct ca libration procedure . Typical 
result s were as f ollois : 
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% 02 

4.93 
0.515 

30 

4.9 
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 = CRT log [02] 0 
4F 

[02] R 

let X -[o2]/ [oi] R and C' 

E • 
0 . 

dE0 

dX 

C' lnX 

.. ~ and 
X 

a RT 
4F 

= RT 
4F 

when X-?>1, 1 .~ C>O 
ln X 

ln [02] 

[~J 

_1_ 
ln X 

R 

Thus, maximum gain is obtained when the sample gas and the 
reference gas are of the same 02 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 ~hange 
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 compietely establish the composition. 
Table I summarizes a number of metallurgical processes in which 
oxygen is involved. When the 02 content is above 0.1%, t he other 
species present act as diluents. Paramagnetic oxygen sensors 
and combustion meters have been commonly used to control processes 
with this level af02 . Only recently has the EMF sensor concept 
been used for this purpose on a combustion process? 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 t3% (or 
excess 02 to 1 ~.5%) in the combustion gases. Since soaking pits 
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us~ally use a fuel of varying composition (coke oven gas, blast 
furnace hot gas, and natural gas), a feedback measurement of the 
stack gas 02 content has been used to control the burner. air/fuel 
ratio. The low 02 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 th e 
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 d+astic change in the 
equilibrium o2 pa~tial 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 EHF sensor without 
additional information needed. 

When the free 02 is less than lo-6 atmospheres, the other 
species in th~ gas usually determine, by reaction, the equilibrium 
o2 partial pressure. Measurement of other- species of the gas 
phase (such as CO, C02, HzO and Hz) 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 p~essure con­
ditions. 

Annealing of metal product under protective atmospheres is 
a prime example of the use of indirect measurements to determine 
the Oz partial pressure of an atmosphere. Prior to development 
of the EMF sensor, instruments were not available to measure down 
to lo-27 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 ~or tinplate. An EMF sensor monitored the oxygen 
partial pressu.re along the length of the furnace (Figure 8). 
These tests were used to diagnose those conditions (air in­
leakage, too high an 02 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 ·tQ be another area of application for the 
~1~ensor. The range of 02 partial pressures encountered, from 

· 10 to lo-20 atmosph:e1es, would lead to a voltage of from 
700 to 1200 mv for a cell opera t ing 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 ~nd 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 Oz partial pressure, but 
some of its readout scale options are linear in pO and eO val~s . 

Also, an EMF sensor measures the 02 partial pressure at its cell 
temperature. The pO and eO crite ria for oxide reduct i on or 
formation, however, must be applied at the processing temperature. 
Appropriate expressions for obtaining correct pO and eO va l ues 
at the processing temperature are as follows: 

pOs pO - y· 

eOs = o< eO + (3 
(13) 

(14) 

where pO and e O with no subs cript are the va lues me asur ed by the 
EMF sensor and pOs and e Os are the corrected va l ues for the 
pr oces s i ng temperature. The e <_- Ts/T where Ts and Tare the 
pr oces s ing and sensor temperatures in °K . The adder s -r- and~ 
depend on the nature of the gas s amp l e . For Oz/diluent a t mo -
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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 
pO and eO 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 pO and eO 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 correct1on. 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 pO and eO 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% Oz, 3,8% at 1% Oz, and 5.4% at 1 ppm Oz. 
Measured errors were 0.6% at 4.9% Oz, and 1% at 0.5% Oz. For 
reactive systems, where the oxygen partial pressure is less than 
lo-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 containrttg carbon, hydrogen, oxygen and 
inert diluent. 



obtained when the sample gas and the reference gas are of the 
same oxygen p~rtial pressure. 

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

BOF 

Bla s t Furna ce 

Direct Reduc tion 

Reheat Furnaces 

Anne aling Furnaces 

Carburi zing Fur naces 

TABLE I 

APPLICATION 

Stack Gas Analysis 
(pO, CO/C02 Ratio) 

Stack Gas Analysis 
(CO/C02, H2/H20 Ratios) 

Reducing Gas Composition 
(eO, CO/C02 , H2/H20 Ratios) 

Combustion Control 
(pO, Excess 02) 

Atmosphere Control 
(eO, pu, CO/C02 , Hz/HzO 
ratios) 

Carbon Potential Control 
(pO, CO/C02 , Ratio) 

I NSTRUHENT NOW USED 

Infr a re d CO & C02 
Paramagnetic 02 

Infrared CO & co2 
Hygrometers 

Infrared CO & co2 
Hygr ometers 

Paramagnetic 02 Combustion Meters 

Infrared CO & C02 
Hygrometer s 

Infrared CO & C02 
Hygrometers 

w 
CJI 
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FIG.3:TWO EXPERIMENTAL OXYGEN CONCENTRATION CELLS. 
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F16.4: pO VALUES VS TEMPERATURE FOR 
HYDROGEN-OXYGEN AND Oz/DILUENT 
ATMOSPHERES AT CONSTANT OXYGEN 
CONTENTS~ATOMIC PPM) 

' ' ' ' ' ' ' ', o-' 

QL--L-----L--L-----~-L-----~~-----~~--~--

500 1000 1500 
r:MPERATURE , ·c ~ 



40 

FIG. 5: COMPARISON OF COM PUT EO ANO · 
· EXPERIMENTAL EMF SENSOR OUTPUT 

VS EXCESS COMBUSTION AIR. 
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VOLTAGE-CONTROLLED MOS-FET RESISTOR 
H. F. Storm 

General Electric Res earch & Development Center 

Schenectady, N. Y. 

u.s.A. 

1. Introduction 

The MOS-FET ~etal-£xide-~emiconductor !ield-~ffect-!ransistor) is con­

trolled by an electric field, as contrasted with the bipolar t ransistor (the 

typical p-n-p or n-p-n type) which is controlled by a current. This basic 

difference accounts fo< the much smaller input power required by the MOS-FET. 

Its input (control circui t) resistance is 10
13 

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 are 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 designa ted 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 channel voltage and the channel current. 

There exist many ac and de applications in industry where an electrica lly 

controllable resistor would be useful, provided its r esistance 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 t he MOS-FET can operate as a linear resistor. 

Un like the bipolar transistor, the MOS-FET channel does not contain rnis 

such as the collector-emitter saturation voltage. The range of channel re­

sistance depends on the materials and processes in fab~icat ing the MOS-FET , 

nd its dimensions. Typical valpes for the channel resistance are from 

~egohrns to hundreds or tens of ohms, and typical channel voltages across 

he c.annel range from a few vo lts to 50 V. 

These and other MOS-FET properties suggest it for many applications, 

.-.or instance, for long-time timers, variable R-C time-constant circuits, 

voltage controlled att enuator s, adapt~ve controls, mult ip liers , fli p-flops, 

memor ies, and for amplifica t ion and modulation:- 9 

2. Causes of Nonlin"aritv of a OS- FET Channel Resis t ance 

The MOS-FET cons is ts of a subs t rate, also cal .::d b dy a·Pd.: cHfi•Jsions 
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of the opposite carrier typ e (Fig. 1). If termina ls 1 and 2 are connected 

to an ac supply voltage, a small alternating current flows which is con­

trolled essentially by the reverse characteristics or the - 2 diodes connected 

back-to-back. 

In order to obtain a voltage controlled resistor, a die lectric layer, 

for instance Si02 , is put on the substrate (Fig. 2), and a metal electrode, 

called gate, placed on the dielectric. By applying a ~oltage VGB' an elec­

tric fi eld is created which attracts electrons from the body of the substrate 

to its surface. This surface layer is c~lled _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· orde~~ _ of magni­

tude larger than the diode reverse current mentioned above. Increa·s.lng 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

duct i vity G lO~ll,l2 
0 

F = E:o (~kO)(.E,:t ) 
0 

rrilios/V 

(1) 

(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 bas i c 

performance factor of the HOS-FET. 

VGB(E) = VGB - VT (3) 

VGB(E) i s that (net) voltage which is effective in f orming the channel 

according to Eq. 1. It consists of the externally applied voltage VGB (Fig. 

2), and the equivalent Jf an internally existing voltage VT' called the 

t hr eshold voltage. (For other symbols, and units, see List o~ Symbols.) 

Next, we make provision for current r
1

,
2 

by establishing a voltage 

v
1

,
2 

between terminals 1 and 2 -(Fig. 3). The terminals 2 and Bare directly 

connected in order to define the voltage between substrate and channel. 

The question is the magnitude of 1 1,2. 

With a voltage vl ,Z between terminals 1 and 2, the potentials along 

t he channel will assume intermediat~alues. These potentials will modify 

the electric field which wa s previously established by VGB(E); and hence, 

the conductance of the channel wil-l differ from G
0 

of E'-1 . 1. This modifying 
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effect is called internal feedback or ·channel reaction, and can be positive 

or negative. Wi~h the polarities shown iri 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 v1 2 were opposite to the one shown 
' in Fig. 3, the channel potential woul~ strengthen the electrie field set up 

by VGB(E)' the channelWJuld become deeper toward terminal 1, and the in­

ternal feedback would be positive. 

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

affected by the internal feedback. If a quick guess were alloHed, one might 

say that the feedback volt~ge is zero at x 2 0, and v1, 2 at x = t, hence, 

the average effect along the chann~l is perhaps v 1, 2/2. A more elaborate 

an~lysis 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 

(4) 

w~th VGB(E) . and v1, 2 having proper signs. In view of Eq. 1, the internal 

feeqback is expressed by the term -~vl,2' where vl,2 is a signed quantity. 

We note that the chan~el conductance (Eq. 4) is not constant. Instead, it 

is a function of the feedback voltage ~v 1 , 2 , which, in turn, is de~ived 

from the voltage v
1

,
2 

across the channel. Thus, the channel conductance 

is nonlinear. 

The channel current is 

11,2 • vl,2 G = F vl,2 ·1VGB(E) - ~v1,2l (5) 

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

v1, 2 across the channel. 

It VGB(E) and v1, 2 have the same sign, the feedback is negative. Then 

even the maximum feedback voltage v1, 2 at x = t cannot make the channel con­

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

5, and under conditions of negative, internal feedback! 

(6) 

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

and v
1

,
2 

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

a new restriction for the validity of Eq. 5 develops. A shunt path to the 

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 



51 

silicon). It fo llows that Eq. 5 is valid only if the bypass current is 

negligible. In add i t i on, the bypass current introdut:es a non linearity to 

the resistance as seen from terminals 1 and 2. 

Further boundari es are established by the effective gate volmge 

VGB(E): 

VGB(E) ~ 0 for p-channel MOS-FLI' 

VGB(E) ~ 0 for n-channel MOS-FEI 

One concludes that the major causes of MOS-FET nonlinearity are 

(a) the internal, electrostatic feedback expressed by W 
1

,
2 

in Eq. 4 . 

(b) the bypass current flowing between terminals 1 and B 

(Fig. 3) when v
1

, 2 is negative, or alternating. 

3. Linearization of the MOS-FEI Channel Resistance 

(7a) 

(7b) 

As previously stated, one cause of the nonlinearity is the internal 

feedback which is expressed by ~v 1 , 2 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. 

With the voltage v1, 2 and VGB(E) having the same sign (Fig. 4), the 

internal feedback is -%V
1

, 2 , and hence, a potentiometer P whose resistance 

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

ductance G is now a linear function of VG(E) 

G = FjVG(E)- ~v1 , 2 · + ~v 1 , 2 1 = FjVG(E) I mhos (8) 

Similar to Eq. 3 

V (9) 

where VG and VT are_ signed quantities. Analogous to E~. 6, there is a 

boundary for Eq. 8. The argument i.s t hat even the maximum internal feedback 

voltage v
1

,
2 

cannot make t he channe l conduc tiv ity negat i ve and hence v1, 2 
must be equa l to or st!'.aller than the s-um of the externally applied gate 

voltages. Some elementary considerat i ons l ead to t he boundary for Eq. 8: 

(10) 

Subject to the limitation e..v;vressed by Eq . 10, the channel current 

r
1

,
2 

becomes a linear funct ion of the suppl y voltage v1, 2 , and the effective 

gate .voltage VG(E) 
A (11) 

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 dept~ in Fig. 3. The positive external feedback causes a uni­

form increase of channel depth. The net · effect is "shown in Fig. 4, where 

the channel depth still decreases from left to r'iglit, but where the total 

channel depth at any one point is large.r than shown in Fig. 3. As a conse­

quence, the channel conductance G of the linearized HOS-FET is now the same 

as for the case shown in Fig. 2, with VGB = VG: 

G=:G 
0 

(U) 

As stated before, the current r
1

, 2 may significantly and nonlinearly 

exceed the value shown in Eq. 11 on account of a current component ~hich 

bypasse.s the channel by flowing from termina 1 1 to B. This bypass current 

can be stopped by disconnecting terminal B. Then, the · substrat·e 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 Pat K), resulting in the parabola A'-A" of Fig. 6 

for VG = -12 where ~he internal feedback is negative; the section from the 

origin to A 1 is· l ess 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 

syuu:netrical 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 ~1, 2 • The cathode ray display shows 

a straight line C'-C", as predicted by Eq •. 11. One co eludes that the 

channel conductance of the MOS-FET,with external feedba ck of ~l 2 and float-
' ing substrate, is linear. 

Next, we would like to see if the linearized channel conductance G is 

proportional to the gat~ voltage VG (Fig. 5) as predicted by Eqs. 8, 9. For 

this purpose, several gate volta~es (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 functio~ 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. 

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

In order to prevent extraneous electric fields from interfer-ing with the 

o:1eration f t hP. MOS- FEi the enclosur e of he MOS - I'ET packa e in a grounded 
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shield is desirable. 

4. The HOS-FET as Controlla ble Resistor in a Phase Shift Circuit 

As an example of an ac appli~ation and one believed to be novel, a 

phase shifter will be discussed, where the variable phasing is accomplished 

by a voltage which controls the channel res i stance of a MOS-FET. Phase 

shift circuits are used on a large scale for the contr-ol of thyristors (SCRs) 

and other devices. 

One of the basic phase shift circuits c onsists of a center-tapped 

transformer (or a center~tapp~d~ relatively low-ohm resistor) wi th the 

secondary voltages VS, 
1

, V s;,2 (Fig. _9). The load is represented ,-by the 

output -resistance R0 , conneCted -between the centertap Z and the common 

point W of an RC netWork. By varying the magnitude of resistance R~ the 

phase angle_ be.tween the output vol tage vo and the seco ndary volt_age vs 1 . 
(or v

5 2
) 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 Rz to. 200 kHz . The phas e a ng les are shown iri Fig . 11 for 

open load circui~ (R0~), and in Fig . 12 for a load resistance for R
0 

= 6 · 

k-ohms. The waveshapes of t he phas e contr olled output vo ltage v
0 

i s shown 

in Fig. ll~ 

5. Conclusions 

Within the d~fined boundaries, the nonlinearity of the MOS-FET channel re­

sistance is essentially due to a) an internal electrical feedback equal to 

-~v1 2
, and b) a bypass current entering or leaving the MOS-FET through the . 

substrate terminal . The MOS-FET channel resistance becomes linear through 

the use of an external, electrica l feedback which is equal and opposite to 

t he internal feedback , and by dis connecting the substrate terminal. The 

external feedback is obtained simply by a resistive voltage divider across 

the channel termi nals of the MOS-FET. 

As a practica l example, the linear i z ed 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, wi th the uppe r frequency limit introduced by 

the test equipment and not by the MOS-FET. 
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to 
vl,2 

VC 

VG 

VGB 

VGB(E) 

VG(E) 
VT 

vl,2 
w 

6. List of Symbols 

Cross section of the channel (perpendicular to the direction of 
2 current flow from 1 to 2, Fig. 3), cm, (Eq. 2) 

Performance factor of MOS-FET, mhos/V, (Eq. 2) 

Channel conductance, mhos, (Eq. 4) 

Conductance of channel for v1 2 = 0, mhos, (Eq. 1) . 
Channel current, A de, (Eq. 5) 

Dielectric constant of gate dielectric (~~for Si0
2
), number, 

(F.q. 2) 

Length of channel, (Fig. 3), cm, (Eq. 2) 

Thickness of gate dielectric over channel, cm, (Eq. 2) 

Voltage across channel, V de, (Eq. 4) 

Phase-shifter control voltage,(Fig. lO),V 

Gate control voltage (Fig. 4), V 

Voltage between gate and substrate (body), (Fig. 2), V, (Eq. 3) 

Effective gate voltage, V, (Eq. 3) 

Effective gate control voltage, V, (Eq. 9) 

Threshold voltage, V, (Eq. 3) 

Voltage across channel, ins.tantaneous value, V 

Width of chan~el, (perpendicular to current flow from 1 to 2), 

(.:"ig. 3), cm, (Eq. 2) 

Permittivity of free space, 8.85 l0- 14 F/cm, (Eq. 2) 

Mobility of majority carriers· in the channel, cm
2 /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
acteris tics of the 2 back-to-back connected diodes . 

fig . 3 Usual de MOS-FET circuit . v1 2 causes 
1nternal, electrostatic feedback. V1 l• as shown, 
ca uses negat i ve feedback and channel'conductivity 
ls reduced, see narrowing of the channel toward 
t he right. If V1,2 is reversed, internal feedback 
lS posit ive, and the conductivity increases. 

fi . 5 MOS· r ET with external f eedback , and 
i loo.~t L ; bs t rne t e rminal B). 

Fig. 2 Basic HOS-FEI structure. Die lectric is 
covered by electrode G, cal ~ed 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 . 

- + 

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

/

/C" 

A" 

s· . 
c' /;1 
A'/ 

Fig. 6 Current i 1 2 as funct ion of voltage vl,2 
of MOS -FET with floating substrate (Fig . 5), 
fo r VG & -12 V, f = 100 Hz. 

Horizontal scale, v1, 2 : -5 V/cm 
Vertica l scale, il,2: -10 mA/ cm 

A' ... A' ' : slider of po tent
00

iometer P (F i g,,. 5 ) at K 
B'-~: " M 
C' - C": " a t midpoint N 



Pia. 7 Cunea£ i 1 . 2 .. t.x:tioa of voltqe v 1 2 
of ms-n:r with fl6&ti111 subatrate (Ffa. 5) aiic\ 
potauti~ter u •· f • lOO B&. 

Horizontal scale, v1,2: 
VertJ..cal scale, i 1 , 2 : 

-5 V/cm 
-10 •lea 

A'-A" VG • -10 V 
1'-B" H • -15 V 
C'-C" " • -20 V 

Pia. 9 Basic pbaae abift circuit. Tbe pbaae 
position of the output voltage v

0 
ia controlled 

by a. 

Pig. 11 Phase angle as function of gate .control 
voltage VG; circuit of Pig. 10, with Ro • ~. 
C • 2, 0.02, 0.002, 0.0006 ~~oF, for 60 Hz, 6, 60, 
200 kHz, respectively. 

57 

....nos 
4 

" / 
lA 

0 -20 V 

"' Pfa. 8 Dota i.Ddicate slopes of the three char-
acteriatica of Fi&. 7. Slope of straight line of 
Pig. 8 indicates F • 210 ~s, intercept indi-
cates VT • -3.5 V 

y 

. Pi&· 10 Phase ab1£t circuit st.dlar to Fig. 9, 
wbere a i neari&ed ~PEr provides the variable 
r•iatance Jl. 

,L-----~----~----~----~~---,~-~ 

Fig. U Phase angle as function of gate control 
voltage VG; circuit of Fig. 10, with Ro • 6 k-ohms. 
C • 2, 0.02, 0.002, 0.0006 ~~oF, for 60 Hz, 6, 60, 
200 kBz, respectively. 
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Fi~:. lJ Voltn~:c wave s hapes encountered ln phase shif t circuit of Fig. 10 

Upper traces : Secondary voltage v51 , scal e approx. 5 V/cm 

Lower trnces: Output voltag e v
0 

of phase s h!fter, scale approx . J ~ V/cm 

Ro =.., Ro = 6 kll 

f = 60Hz, C = 2 JI.F 

f = 6kHz, C = 0.02 JLF 

• 
s' 

- VG= 45 22 16 8 ov 

f =60 kHz , C = 0.002JLF 

c' 

f = 200kHz , C = 0 0006 JLF 

o' 

14 7 0 V 
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SO LID STATE ELECTROSTATIC CONTROL. 
ELEMENTS OPERATING ON. P.IEZOELECTRIC 

PRINCIPLES 

1. Introduction 

.by F.L. N-NAGY, ip .Ing,CEng,MIEE 

Electrical Engine~ring Department, 

University of 'Salford, England. 

The growing importance f'lf, and further demands for, various ne -

control and computer ~c 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 components have developed 

operating on the "inverse piezoeleCtric effect". Mechanical strain is 

generated by the charges in the microscopic structure of the ceramic 

material due to the controlling signal~ thus providing a controlled 

macroscopic action. The interaction of elastic and electrical properties 

provides a simple and convenient method of obtaining electro-mechanical 

energy conversion, which is &D&l.ogous to "motor" operation. 

2. Basic Theory 

The c~amic - materials are isotropic and exhibit piezoelectricity 

only when they . are prepolarised which process is called paling treatment1 • 

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 alternately applied on a ceramic element 

of dimensions, 1 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 1-t.R., w+t.w t+t.t. Conversely when the 

negative d.c. voltage is applied, ;he element contracts in the poling 

directions and expands parallel to the electrodes. The dimensions now 

become 1+61, w-6w, t-6t. When the d.c. voltage has been removed from 

the electrodes, in either case the element returns to the original poled 

dimensions. The process is based on thickness and transverse effects; 

thus the element is called a thickness poled transverse expander. 

When the paling electrodes are removed and the element is ·provided 

vith signal electrodes perpendicul~ to the paling direction, a d.c. 
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voltage is applied again and shear takes place around an axis perpendicular 

to both the polil:}8 and signal field in a counterclockvise sanae, 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, t~eir relationship shows the same 

hysteresis characteristic as ferromagnetic materials; hence this D/E 

dielectric hysteresis phenomenon is called ~ferroelectricu2 • 

3. Piezoelectric devices 

The basic piezoceramic components suitable for an electro-mechanical 

actuator in a control system are known as bi.morph and multimorph elements. 

A two plat~ laminar composite variety of piezoelectric bars and one bimorph 

disc is shown in Fig·. l. All these are manufactured of Pb ( Zn, Ti )o
3

, Lead 

-Zirconate-Titanate ceramics3• A considerable number of ceramic materials 

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 electric-al, mechanical and piezo­

electric properties seem to be superior to any other !erroelectric 

materials. 4 

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 t~t it h&s a lower operating impedance than the 

dimensionally equivalent series system and the voltage for equal displa­

cement will be half 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 T1 , 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 eonnect ion during t he first half cycle one half of th~ voltage 
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falls across the top plate and is in the direction of the electric 

displacement. This plate experiences a stress tending to cause a decrease 

in its length. Similarly, 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 a mechanical force causing it to 

increase along its length, the piezoelectric beam vill bend upwards. 

During the following half cycle the process in the plates vill be 

reversed and the beam vill bend -downwards. 

The other type of b~ is the torsional element. The signal field 

E1 is perpendicular to the axis o~ polarisation in the face plane itself. 

In addition it can opera'te either in "face shear mode" or "transverse 

shear mode" and is torsion&l. 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 simultaneous~ or selectively. The composite effect, viz. 

bender and face Shear mode, is indicated by the dott~ line position in 

Fig .2c, and the relation between polarisation and driving field, i . .... ig.2d. 

All types of bimorph in bender az:td torsional mode operation can be 

used in themselves as control actuators as will be outlined in the 

following sectiabS. 

Furthermore the bimorph bars can be assembled into bridge construct­

i on for ·9.rious 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 elb~ 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 angular rotation of a driven shaft. Consider 

first the various types of non-resonant motor operation. The 4rive of 

these motors is similar to that for any two phase conventional -servomotors. 

They have two phase signal, one f;;,r each bimorph, 0 < Cf< 180 degrees apart 

in t ime, and O<a: < 180 degrees apart in space. Usually 'f and a: are 

both 90 degrees. Considering the time and space relation of the driving 

signal, the resultant motion is 
jwt j(wt-'f) la: '(vt) I . f (t, f• a:) = e/2 + e/2 • e = ejn (l+e ~ -'f ) = eJwt 

'f •eo(. = TY.t. 
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This is the equation of a circle with. ·an angular speed (11; that i.l, 

the driving el~ rQtates vithout load in ·a circle. When load is applie · , 

e.g. in the present case driving a Jll&gnetic ~ inch tape ~inst a 

bearing capstan, the elbow of the bridge may rotate in a circle, 

ellipse, or any pattern vith loops depending upon the value of 'f and 

a: · • 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 speea could be controlled by varying 

either the amplitude or fr~queney of the driving sisn&l• or controlling 

the time phase angle 'f . The amplitude and phase control could operate 

at resonance, hence the name piezo-resonant motor. Their torque-speed 

characteristic in both nonresonant and resonant mode has great variety 

regarding quite a number ot controlling f.acilities to innuence the 

pattern of motion. Fig. 5 shows a canpl.ete two-pbue/two-bridge crystal 

motor, which consists ot two brid&e units, tw opposite parts, caaposed 

of tour bi.morph elements, so that the tape is punched frCIIl both sides. 

When one pair releases the tape, the other pair takes over. A :t'urther 

development ot a crystal motor with a more conventional operation is 

shown with a rotating shaft in Fig. 6. This type of ~or could also 

be developed in three phase or multiphase construction. All types of 

crystal motors which have been presented here, have further consideration 

facilities, viz building more units of one type ot basic motors in 

mechanic~ parallel cascaded connection. By this method the 

resultant torque on the rotating shatt can be increased quite 

considerably. The only reason tor using the tape drive application 

vas to provide sane information about single unit motor perform&nce. 

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 rahge of l g cm. The maximum torque 

for a single unit is in the range 5-25 g cm, depending on the pattern 

of motion. But tor the rotating version of two-phase/two-bridge type 

motor, the maximum expected torque is around 20-100 cm and tor 

parallel cascade connection the torque could be few hundred g cm. 

Furthermore two constructions ot 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 1:4. In Fig. 8 the membranes are replaced by two bimorpb 

discs operating in piezoresonant mode. 

4. Bimorph actuator in contxol loop 

In the following a novel application of the bimorph is outlined as an 

electromechanical transducer controlling the alignment of a magnetic head 

relative to a multitrack computer store tape. The bimorph acts as a 

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 tt.pe 

recording devices. 

An assembly as shown in Figs. 9 and 10 was used in an angl.LJ.ar ?Qsition . 

servo-mechanism to control the magnetic head for a computer store. The 

moving parts of the assembly, consisting of two piezo-electric b~ ·rph 

actuators, a 16 track magnetic head and mechanical links between t1em, 

formed a fairly heavy dev~ce, the mass of which was represented by a 

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 b~ replaced by a point mass of approxima­

tely one quarter its magnitude. This value can be derived from. the 

conservation of energy in the bender bar. 13 
An appreciable reduction of 

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 magnetic bead 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 from 7.1 to 1.64 g and 30 : to 2.5 g respectively. The 

first resonance decreased from 290 to 118 Hz. 

A working arrangement of a crystal angular-position control system i s 

shown in Fig. ll, partly in perspect~ve and partly in block-diagrammatic 

. representation. In the diagram, 3 represents one inch wide tape, 2·-15 
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fourteen parallel tracks. Another two trakcs. 1 and 16. are indicated. 

On these are recorded reference square-wave signals of constant frequency 

(25KHz) and constant amplitude. shif'ted 90 degree _from each other. They 

permit detection of the misaligiUilent of the magnetic head, that is, the 

skew. If the tape skews, the rpference signals have a phase difference 

other than 90°degree. The pl~ed-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 si8P&].s are then fed to a 

phas~error discriminator, 6, ·which can detect both the sip and magnitude 

of the ~rror in the form of a difference square-wa;n s-ignal. In the 

following tvo stages this is integrated &Dd amplified in &<d. e. amplifier 

of modulated version, T. The output of the amplifier drives the bimorph 

transducer. 8, which is fixed at one end in a block, 9. 'l'he other end 

is coupled to the magnetic head, 10, by the rigid .~. ll, and is tree 

to move in the direction of arrow 12. The heed itselt is mounted on a 

shaf't, 13, in a fixed bearing, 14: Tl:le tree end o-f the ~ rotates the 

magnetic head under the controlling error aigD&l., 110 tba:t the gap aligiUilent 

is perpendicular to the tape movement. Thus the pbase error between the two 

reference siSnaJ,s, and with it. the skev, is· reduced in all fourteen tracks. 

For wow and flutter compensation, one ot the ret"er~e signals , e.g •. 

track 1, is amplified b7 5, and fed to the t:requency discriminator, 1 T. 
An oscillator, 18 feeds a reference signal ~ the same t:requency as the 

square-wave signal recorded on track 1. The result is the error signal 

which varies according to tape speed variations. The error is amplified 

by a d.c. amplifier, 19 and fed to a bimorph, 20. 'l'he vow-flutter serve 

actuator is fixed at one end, · 21, and the other end is tree 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 b.r the crystal 

actuator over an arc which is suostantially 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 response can be derived b) applying 

D'Alembert's principle _to obtain the equation of' motion of' a bimorph 

bender bar. When its two dimensions are of' the same order, as for example 

our case here, that is, the width becomes comparable rith the length and 

only the thickness is relatively small, the equation of motion of' this 

structure is given by 

2 
a x 

p --2 
at 

4 
a x 
--4 
at 

2 
- pK 

.. 
a x 

2 = 0 
at 

(1) 

where xt_, K and p are the Young's modulus, radius of' gyration of' the 

section and specific density of' the crystal bar respectively. The last 

term in equ. (1) represents the force reaction of' the rotary inertia, 

which results tram the added kinetic energy of' ~h~ sec~ion rotating 

about an Uti.a located normal to the central line of' the bar. When dealing 

with electrostatic controller ve have ~so to incorporate the mechanical 

electrical and piezoelectric relations. In a er,ystal 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 piezoelectrie relations are 

s -1 

where S = strain; T = stress; D = el.ectrical displacement; E • electric 

field strength applied by voltage V; d
31 

• piezoelectric strain 

constant; £T = dielectric permittivity at T = 0; yEll • Young's 

modulus at E = 0 

Considering the bimorph as a four-terminal electro-mechanical network, 

the mathematical pre~entation of' the transfer •function is implemented 

using four pole theory8 and incorporating the equations (1) and (2) rith 

certain idealisations. The idealisations and simplitying assumptions 

are given elsewhere.
6 

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

a...l"ld t h e cryst~ transducer assembly, as shown in Fig. 12 Assuming small 
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movement and approximately linear operation, the most simplified open-loop 

transfer f\mction of the system with the incolJlOrated bimorph assembly is 

0 ... (3) 
G(s) K 1 + sT1 a 

s2.r 2 
+ 2s ' T + 1 0 0 0 

where Ka = gain of amplifier, T1 , T2 , T
3

, T4 =time constants of lead-lag 

compensating circuit, k = coupling factor, n = piezo-electromechanical 

transfer ratio, c· = static capacitance of bimorph, T = electromechanic~ 
0 0 

time constant of bimorph, and ~0 = damping factor. 

For stability determination, assuming that the signal modulated amplifier 

has a -small output achieved by applying large envelope feedback, we apply 

t he general Nyquist stability criterion. ~stability of operation eVen with 

a large gain amplifier, is ensured by the -use of :anpensa,ting circuit with 

properly chosen time constants. In the case of larger movements~ up to the 

mechanical limi:t of the bimorph, the system becanes nonl.inear vith 
, -

hysteresis and butterfly characteristics. The operation ugder these 

conditions is under investigation in order to derive the criteria for 

optimum responses. 

Fnr control applicationa, ceramics of either Types PZT4, PZT5, 

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 

s ignificant coefficients of two ~s of ~ad-Zirconate-Titana~e cer&mics. 

Recently other types of ceramics suitable for this appli cation have became 

available, and these are also listed in the table mentioned above. The 

coefficients are required for the calculation of such bimorph paraceters 

as effective inertial mass (14), compliance (15), natural trequency(l6,17), 

etc., during 'inverse' piezo-electric operation. The parameters in the: 
/ . 

table are needed in order to comp~te numerically the coefficients in the 

transfer function of the bimorph. 

El ectr ostatically controlled ceramics as a~tuators in servo-systems have 

some intrinsic advantages. They are much small than an equivalent electro­

ro~gnet device and are immune to electromagnetic disturbances at the magnetic 

head. Furthermore, in the application described above, the co~puter-store 

tape speed and tension, motor inertia, ecc~rrtricity of the capstan, etc., 

neec ~ot be so accurately designed as they would have to be without bimorph 

contJ'ol. 'Th.e effect of irregularities in t he 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 magnetic 

store has produced an average improvement of 20-30 dB in the subresonant 

frequency range, 20 - ioo Hz. 

6. Further ·things to come 

Ceramic crystals have alread7 revolutionised the practice of both 

"direct" and "inverse" electromec~ical transduction. There is 

considerable room for exp1oratory work on ceramics as control actuators 

especially when the whole movement is only in the range of up to a few 

hundred microns in ~it~~ 

It is w6rth. _mentiQilillg that other researches and developnents are now 

:in progress for the applicatiOn of mul.timorph ceramic e~ements and multi~ 

morph control actwr'.;ug aaa-.blles.. The mul.timorph elements for flexure, 

torsional or .both tocether in themselves are also premising servo actuators. 

'l'he;r are somewhat 110re stable tban the two plate bimorph versions. 

· EYery ;rear produces fUrther ceramic cCII:pOUDda vith improvements ' in the 

stability of their constants; which makes. them ~ill more suitable for use 

as electrostatic servo controllers.. In general we must accept that no 

single ceramic compound at present available is capable of meeting all the 

requirem~ts 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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• 

Fig.l Two plate laminar piezoelectric bars. 
(i) 2.5 X 2.5 X 0.15cm; (ii) 5 X 1.~5 X 0.15 
(iv) diameter 7.3 cm~ thickness 2 mm. 

Sizes p-e from right to lef't : 
cm; (iii) 7.3 x 1.25 x 0.15cm; 

A 

e./ b/ 

+++-+ ++•++ +LJ 
! E,- {• D-,- ~ 

b· .... ... , .. , .. :>-- ..... ..,c .. c ~, ., 

Fig.2 Cant ilevel Bimorph bars 
e./ FleA~ral elecent in series connection 
b/ · ?_ex~al element in pa=allel connection 

. c/ Flexural-torsional element for 
composite movement. 

c/ d/ Longitudin~ cross-section of c/ 
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:n,. 3 Piezo-rosonant 1110tor incorporatiq t.wo b~ 
cantilovor tiexural eleaeDta - ... fie· 4 tar' k-,r 

Fig. 4 Dia,:un of cryatl 1.1otor as!.er:Jbly n.nd symbols 
a - piezo-electric elmnent. b - j)('rspex 
conuectint; beam. c - IL<\gnctic tape. 
d - rot.'\ting icllcr vi th ball be ::~.rinci• 

e - idlers. f - talte-ui' spool. 3 - talte-ott 
spool. h - base. i - terminal wires. 
j - bnclt panel. !t - acljustinz :;o<l. 1 - talte up 
spooi Si•ring motor. t" -..~. '""'h:ction <t_e~~· 
n - ratchet roleue_ IIOhoo. ~ - elggw 
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Fig. 5. 
Two-phase/two-bridge 
crys t al motor 

Fig. 6 Four bridge crystal 
unit for rotating ~ovement 
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Pig. 7 Controllable pump operated by two cantilever moUn.ted bimol'llh bars 

ln~:;::-::_~~t 
valve valve 

bl•orpb d- i poj~i~gr.• 

., 

SIMOAPH PUMP 

Fi~. 8 Controllable pump operated with t'o~~o bimol'llh bender discs 
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Fig. 9 16 track magnetic head a.ssembly incorporating bimorph as 
actuator - see figure 10 for ke,y 

i - Magn~tic h~ad 

2- ; Pivot pin 

3 - Conn~cting block 
4 - Bimorph in skew-s~rvo 
5- Sfmorph .in wow-s;~rvo 
6 - Fixing clamp 
7 - Connecting block 
8 ~ Shaft 
9-- Pivots in rotatingJ,Iock 

i'ig. 10 Diagram of magnetic head . assembly 
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1-+-----t Fr~quency 

H·----tOiscriminator 

Fig. ll Operational' diagram of crystal angular-position control system 

2 

"\ 
I 

) 
Ref. 4 / 

Llm 

Fig. 12 Block diagram of serve system with bimorph bar actuator. 
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TABLE 

OF COEFFICIENI'S OF LEAD-ZIRCONATE-TrrANATE CERAMics 

Piezo- Young's Elastic Relative Piezo- Density Maxi mum 
electric modulus quality dielectric electric Operating 
contstant factor constant CC7.1pling Temperat ure 

factor 

Symbols ~1 yEll Q T 
~1 T - ·£ - p 

Units m/V N/m2 %-- .lt~n? oc 

Multi-
10-12 1010 102 lo' plier 

PZT-4* -123 8.15 500 1300 0.334 7.5 200 

PZT-5A* -271 6.2 75 1700 0.344 7-75 250 

PZT-5H* -171 6.15 65 3400 0.388 7.5 130 

HST-41** -157 7 70 1800 0.35 7.4 

G-1512** , -232 6.3 70 2600 · 0.37 7.4 

*Brush-C1evi te Ltd., **Gu1ton Industries Inc. 
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PRECISE ·HIGH-SPEED ABSOLUTE POSITION 
CONTROL USING A . MULTI- TRACK OPTICAL 

GRATING 
A; Bussell 

National Engineering Laboratory 
East lilbride, 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 friction. 

{d) Be t.mune 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 rea~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. 

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 system1•2 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 grating& has been well estab­

lished4 and requirements _(b) and (d) can be satisfied if positional informa-

tion can be extracted in absolute form. (Absolute is defined ae existing 

by itself without r~lation 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 ~aveform 

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 junctions. 

These cross the zero-volt level at 45 and 225 degrees. and 135 and 315 

degrees respectively. 

will be 
The amplitude of the Rl/R2 intermediate waveform (V) 

B.2 
V • cos e + (sin e - cos e) x ~~ 

B.l + ."2 
(1) 

and the amplitude of the B.3/i.4 intermediate waveform (W) 

B.'+ 
w - cos e + (SID e - cos e) x B. • 

B.3· + lt 
(2) 

A suitable potential divider can 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 wfll ·yield at their junctions -the potential division (P) of 

(3) 

(4) 

From grating tracks of 4 lines or leas per mm (lOO lines/in). however. 

serrisoidal (linear) signals are emitted and the potential divider can be 

completely linear. 

It will be observed from Fig. · 1 tha~ if either of the intermediate 

waveforms were used as a control error waveform. it would have a tolerance 

of ±180° or ±X/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 ±X. 

X 
Phase-reversal error tolerance • tole = :2 . (5) 

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

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 f iner than the first and similarly dividing this 

into eight discrete parts X1/8 of the first track will be equal to X2 of 

the second track and the X2 /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 inp · 

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 

requirements (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. Prom 

equation (5) it is obvious that the total stroke cannot be greater than A/2 

in order to keep within the phase-reversal tolerance (tol~) of ~k/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 F~g. 2(a). '!be resultant 

intermediate control waveforms (serrisoids for simplicity) are shown in -

Fig. 3. The second most significant track has A • 1 ~ and a full 360° 

potentiometer, as shown in Fig. 2(b), is required for continuity. · As8uming 

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 

'Xn-1 
1 

• 

If one designates the 1 cm stroke of the coarse track 'An' and each 

sub-division unit 'on' (1 mm), and in the fine track one cycle and one sub­

division 'An-l' and 'on-l' respectively, then the main tolerance will be the 

phase-reversal tolerance (5) which will now be 

An-1 
tol

6 
• ~-2-. (6) 

Since there is no particular phase relationship between the grating 

tracks, the 'O' waveform chosen on the 'n- 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 
/ 

0n-l grating phase displacement tolerance • tol 9 • --
2
--. (7) 

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' on_
1

• 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 < 'on_1•. the 'on-l' units selection could 

then vary from the ' Xn' point by only 9/10 X on-1' within tolerance (6). 

In any case the selection error tolerance = tolsel • 9/10 x y, where 

y the unit steps of 'Xn '. 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 • tolsel • ~· (8) 

Combining equations (6), (7) and (8) shows that the 'Xn' point must be 

accurate to 

total tolerance • tol • :t (An-l -
0
n-l - z]. 

tot 2 2 . 2 
(9) 

In the practical example of Fig. 3 one can substitute values for part of 

equation (9) 

:t (An2-i - 6n2-l) (part) toltot • t 

- .tr2-- o.~ -)- :t0.45 -· 

Clearly the 'Xn' point will have to select units of 0.1 JIIIJ. 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 :tl per cent of An is assumed the 

accuracy at 'Xn' will be :tO.l 11111. As much better potential division 

accuracies are possible one must consider larger amounts of division to 

exploit the system fully. 

4. SYSTEM '+lOO' 

Fig. 4 shows an arrangement for a ' ·tlOO' system. This has a two­

track grating, coarse track • I cycle/cm, fine track • 1 cycle/0.1 mm 

(lOO cycles/cm) and resolves to 1 part in 104 (lp). 

A double Kelvin Varley bridge"is used in the coarse potentiometer so 

that 'Xn' output will select units of 0.01 mm (• y). The total tolerance 

of this arrangement becomes (9) • 

.t (An-1 _ 6n-l _ z.) 
toltot • t 2 2 2 

0.01 Dill 

2 

• ±(0.05 - 0.005 - 0.005 mm) • ±0.04 mm. 

This, for a t otal stroke of 1 cm, is a potential division accuracy of 

0.04 mm lOO 
1 cm x --1- • ±0.4 per cent. 

The switch positions in. Fig. 4 r epresen.t · an input signal of 4.445 mm. 

It should be noted t hat, owing to the insertion of Rtol in the '66
0

' 

potentiometer, the 'X
0

' val ue will always be that dictated by the first 

three digits of the input data plus an extra 0.005 mm f or 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 serve-amplifiers should be used. 

An interesting 1 +60' system can be used for angular indexing applica­

tions where the coarse track consists of 360 cs/rev, this 1 +60 1 (in Kelvin 

Varley steps of t6, HO (t6)) provides an 'Xn' 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 (t6, tlO). The potentiometric division 

accuracy required · is ±0.55 per cent. 
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A P P E N D I X 

1. THE TRANSDUCER 

The relative position of cwo gratings of similar pitch causes the forma­

tion of a moire fringe pattern. Recent developments5 have made possible 

accurate transducers on the principle of a short 'index' gra.ting 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 c~ produce grating& Qf high accuracy and durability; 

linearities approaching on~ part in 106 have been achieved. 

Serrisoids ar·e· produced .from coarse. _gratings (which act as a linear 

shutter) while fin-e gratings can b.e adjusted to produce sine waveforms at 

the photocells with a fair toleranc~ 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, Q-180° . and 9Q-270°. This arrangement 

produces an increase in ~litude 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 . vol tages, this condition wil.l hold good over a wide range 

of lamp brightnes5. Variations in waveform amplitude are unimportant 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 whil e 

the four tracks are in '.spac.e' quadrature (this reduces the size of the 

index reading head) but the cells are again connected as for the fine t r ack. 

The light source should be a lamp and collimating lens with the fi la-

ment parallel to the fine grating lines. The Fr~snel gap between grating/ 

index for 100 lines/cm density 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 = 10~) 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 provid i ng 

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

The system operates on positive in~gers 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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~~-GNATION TEMPERATURE PROBE WITH 
~=R 0 - CONTROLLED RADIATION SHIELD 

By 

Horacio An dres Truc co 

Acv a ced le hno l ogy a~ora ories, ne. 
L 0 J er icho Tur~ i e 

ler ·c o. New Yo , 1175 U. S.A. 

~~- 0 UCI ON 
Exp er im ent a l determi nation of par ameters defining the 

gas fl ow f or hyp erson ic regi mes, co mbu stion processes an~ 
high -temp erature flows in general, pri marily require s an exact 
measurement of t he gas stagnation temperature. The techn iq ues 
for temperature measurements by immersing a probe i n 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 recove ry factor is close to uni­
ty. This probe is an evolution from the one originally de­
signed . by Franz 1

• 

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 the o­
retically analyzed, for which rad i ation error can be auto­
matically eliminated by means of an electronic servo, causing 
the probe recovery factor (at steady state) to be independen t 
of the flow temperature and equal to unity. Such a probe will 
directly indicate the actual f~ow stagnation temperature. 
Since no correction to raw output is required, higher accuracy 
is expected and no additional para meter must be measured to 
perform the standard corrections; also, the probe will show 
be tter frequency response. 

2. EXISTING TECHNIQUES FOR MEASUR I NG TEMPERATURES 
Th e leading criteria in des i gni ng a probe are well de­

scribed in the literature. Once the probe is manufactured, 
the typical parameter indicating it s quality is the "recovery 
factor " defined by 

r Ts - Too 

To - Too 

The determination of this parameter 
calibration. Winkler 2 has J:roposed 
mentally for shielded thermocouples 

kg . 
r = f(Nu - 1 ) or 

kw 

is the object of the probe 
and demonstrated experi­
that: 

-3/4 
r = f ( Pi T 0 ) ( 1 ) 

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 tt:naiJerature immediately comes from 

T = 0 
r + 

T s 

(1-r) ( 1 + q M!)-1 
( 2) 

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

To better point out the timportance of r, Figure 1 s hows 
t he ratio Ts = f(Mw) plotted for different values of r . Fro m 

To 
th ese curves, we see how important a high r is, . wh i ch ena bl es 
us to make a better interpretation of the raw readings, and 
t he T0 computation 1n the iterat1on process is simp l ifi ed. Fur ­
t hermore, the errors introduced by the uncertainty of y de­
cre ase. 

Everything wh i c h has been said above is valid fo r s teady 
meas urements; the un st eady phenomena add a new error in th e 
measu r ement due to the i nertia associated wi th t he prob e in 
f ollowing t he t emperature changes. Such erro r s depend upon 
t he probe t i me l ag associated with the t ime constant T of th e 
probe which i s cal cul ated as follows , if th e radiation effect 
i s ne gl igible: 

T = Pscs vs 
hsA s 

I f th e radiation erfect is to be taken into account, the time 
con stan t is e xpressed as f ollows: 

, = PsCs Ds/4 
hs + 4ae Ts/ 

Thi s last equation is i n accordance with a li nearized s ol utio n! 
however, a differen t equation 4 can be used i n calculati ng T . 
Th e frequen cy for wh i ch t he attenua t ion is 3 db is 

f c = _1_ 
2 'ffT 

For t he smallest commercial thermocouiles available and un der 
th e best flow conditions, fc can only reach approxi mate ly 10 
cyc l es per second. 

It is always possible to reconstruct th~ actua l t emp er ­
ature, even for unsteady b~havior, if r and T of the probe ar e 
known. Reference (6) gives an analogical technique to par t i­
ally obtain it. However, when we wish to s t udy fluc t ua ti ons 
associated with turbulence or when obtaining correlatio n f unc­
tions, we must consider 
Probe's space Frontal cross section of the x Resolutio n 
resolution probe at the measurement point len gth 

where 

Resolution 
length 

Mean flow velocity 
2 Upper frequency limit of the probe 
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Generally, fc 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 me aning 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 theimocouple 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
mul taneously the gas stagnation pressure. It should be pointe 
out that .the o~tput of such a hot wire probe is influenced by 
flu~tuations in th~ gas ~omposition ; therefore, the indication 
does not depend only upon the temperature. However. when this 
effect is important (fo~ example, for combustion processes 
where oxidant. fuel and combustion products sensibly differ in 
their physical properties), the double hot wire asp irating 
probe c~n be used to ~eparate 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 jre. 

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

error = OE (T r"- T s"> 
tls 

or by a different formula suggested by Scandron et.~t Under 
steady C0!1diti-ons .. the inside temperature of the shield Tr is 
always rower· than the one reached by the thermocouple (except 
for surroundirig enviroments whose temp2rature is higher than 
the gas stagnation temperature). The higher the gas flow 
temperature, the higher the difference will be. thereby cor­
res ponding 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 
thermocoupl~--the difference between Tr and Ts will be still 
high er . The techni~ue for r~ducing errors by adding several 
concentric shields~ has given good results; however. this 
obviously is not the most des~rable solution for experimenta l 
investigations due to the large size of the probe and the 
large time constant of the assembly. 

3. 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 Tr 
equals that of· the sensible thermocouple Ts. This automat­
ically eliminates the radi~tion error and in additio~ sensibly 
decreases conduction losses. As a result, the r of the probe 
will be in~ependent ~f T0 e(t) and sh~uld be ~ery close_to 
unity. Th1s scheme rrom a steady po1nt of v1ew and us1ng 
man ual control has been already analyzed by Moffatt 9 and Wood~ 0 

Wood has demonstrated experimentally that with an adequate 
heating for the shield and thermocouple base it is possible to 
obtain a recovery factor equal to unity. However, the dynamic 
behavior for automatic control will be analyzed as follows: 
Figure 2 schematically represents the physical l ayout of the 
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proposed system . The thermocouple Ts 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 Tr. The signal.of both thermocouples is amplified and 
its difference plus T Ts(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. 

3.1 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, ~he 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 Tr 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 t"e 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 c1ose 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 
1erivatives should be introduced in t~e equation system. In 
order to simplify ·the understanding of the problem and the 
discussion of the equations, Figure 3 shows a block diagram 
from afu ~ ctional viewpoint according to the pr~viously estab­
lished assumptions. 

* It should be realized that this amplifier must be of the· 
11 Clipper 11 type (so that it gives output for input>O) . If 
not, the system would be unstable. 

~*This assumption is valid if the phenomenon analyzed has a 
t ime duration much smaller th~ the time constant of the 
t hermal insulator. 
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Thermocouples Ts and Tr are assumed to be of the s ame 
material; however, due to the uncertainty concerning the equa l 
behavior of both, there exists the possibility for Tr to have 
an output lower than Ts. It is obvious that for steady regi mes 
this could introduce a system instability. In order to el im ­
inat e this possibility, it is necessary to introduce a consta nt 
• which is of the order of the mentioned uncertainty. Fo r the 
sa me purpose, we have intentionally introduced independe nt am­
plifiers forTs and Tr whose gain could differ by the order of 
hundredths (Kr >Ks}. Obviously, when T is higher or the dif­
ference between Kr and Ks is higher, the radiation error in­
troduced will be larger . Under these assumptions, the equa­
tions governing the system are as follows: 

Heat balance of the thermocouple: 
dTs (t} ~ 

a dt b {T0 i(t} - Ts(t}} + c {T r(t) ( 3 ) 

Heat balance of the radiatio r. shield: 

d d:~(t) = e {T oe(t);To;(t) -Tr(t) }- r l( t) -c {Tr(t)-Ts (t) } (4) 

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

( 5) 

Elect ronic feedback .system: 

I(t ) =K {T s(t) - K1Tr(t} - T} -T ( 6 ) 

whe re 

K 
KfKrq 
-R- gain (7) 

Kl Kr 

~ 
gain ratio ( 8) 

KfTlq 
T = 

R 
time constant ( 9) 

and T= con stant, obtainable by adjusting the reference junction 
of the therm ocouple Tr. The significance of the remain ing 
coeffieients appears in the next section. 

Sinc e the resulting system is non-linear, we cannot 
analyze its behavi or •Y means of standard servomechanis m t ech ­
niques; a lineariz ati un of the above set of equations has been 
used allowing standard serve techniques to be applied. Since 

he results that could be ob t ai ned by this method were limit­
ed, i was dee med nec essar to solve th e problem in an 
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analog computer . 

4. SYSTEM-RESPONSE FRO M ANAL OG COMPUTATION 
· The set of Equations (3) to ' (6) govern1ng the proposed 

system was solved by analog com putation . The in ve stigated 
solutions correspo nd to a typi cal probe geometry used fo r ex­
perimen tal research (see Figu r e 4). For this pro be the equa ­
t ion coefficients were computed as shown be low . . For an op ti­
mum value of the shield vent holes, we assume a Mach number 
inside the probe, M; = .10 ; for the flow stagnation temp eratu re, 
we adopt Toe(average)=2,000°F. The sta gn at i on pressure in sid e 
the probe is equal to the pitot -pressure since the common 
values in hyper sonic regimes vary between 1 and 50 r sia; f or 
our case, we adopt 15 psia. The coefficien ts are not to be 
assumed constant, because they depend upon ree flow condi ti ons, 
however, wo ~ccept that they are constant within a l im ited 
range aroUnd the average values. For the probe geome try , probe 
materials and flow conditions .adopted, the follow ing values 
have been determined for the coefficients : 

a = PsCsVs = 1.50 x 10-10 

b hsAs 1. 50 X 10-8 

c = cre:aAs = 3.00 X 1o-20 

• 10-6 d PrcrVr 1. 50 X 

e = hrAr 8.50 X 10-6 

f h A . r r 0.90 
w cp 

r = RE = 3 .1 6 

R = 3 , 330 ( n) 

(BTU) 
Of 

(~~UOF) 
sec 

( BTU ) 
sec Amp2 

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 h~ for heat 
transfer between air and spheres according to F1gures 10- 11 , 
page 266, of McAdamss . For calculation of e and f, a lam i ­
nar flow has been assumed inside the probe (since the Rey­
nolds number referred to the insdie diameter is ~ 450) ado pt­
ing for hr the experimental values of Figures 9-20 from 
McAdams 5 • When employing the thin film thermometer tec hnique 
to manufacture the radiation shield with co ndu ctin g paints, 
it s thickness could be reduced up to 100 times less th an the 
typica l value ad opted in Fig ure 4 . Consequently, a value of 
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d=l.50xlo- 8 was also adopted for the computations. Two 
basic tests were investigated: step function and periodic 
variation of the flow stagnation temperature as5uming an ini­
tial temperature o~ 2,000 F. 

4.1 STEP FUNCTION RESPONSE . 
The ·fi as i c step fun c t 1 on test i n vest i gate d · was T 0 ( t ) = 

460 u(t) + 20000F; however, two steps with amplitude 61SOF and 
50°F were also investigated in order to find the effect of the 
input amplitude on the output response. The ~esponse Ts (t) of 
the standard shielded thermocouple probe, that is, without the 
compensattng electronic servo proposed, (or for K=o, T= o) 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=1.50xl0=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 Tc. · 

The effect of K1 {see Equation (8)) was also investi­
gated; it was found that by making k1>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 2000°F) were 
chosen: sinusoidal waves and square waves. 

Figure 6 shows the probe response for five sinusoidal 
inputs of the same amplitude: 46QDF, 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 somew hat unexpected result is du e to the presence of the 
clipper amp lifier on the feedback loo·p, which causes the cool­
ing cycle of the rad i ation shield to be much slower than the 
heating cyc l e.*** 

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

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

***If thermoefectric or "Peltier" cooling effect could be used 
on the radiation shield for the cooling cycle, the probe 
wo uld not show steady state error . 
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This behavi0r is undesirable; the steady s t a t e e rror 
is slightly d~pendent upon input frequency ~ · and it avera ges 
39 % of the periodic amplitude. Figure 6 also shows the s t ead y 
state attenuation and the fact that the response is per i odic 
with the same frequency; Lissajou's path obtained durin g the 
investigations showed this conclusion more clearly. Squar e 
wave inputs give the same type of steady state error as for 
sinusoidal inputs. 

5. CONCLUSIONS 
The standard shielded thermocouple probe was modified 

by adding an electric heater on the inside surface of it s 
shield; this new type of radiation shield is fed and contr olled 
by an electronic servo as described in Section 3. After de­
riving the system governing equations and analyzi 11g its re­
sponse with an analog computer, we conclude that the pro pose d 
probe system is characterized by the following; 

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

b) 

c) 

d) 

e) 

f) 

9) 

If only signle loop feedback is used (no tachme t er 
feedback included) to control the radiation shi eld 
heater, the probe system is stable under any type 
of input independently of the gain K. 

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

The settling time of the standard shielded ther mo ­
couple (no servo) is 1.0 second for a step ampli t ude 
of 460°F over the initial air flow at 2000°F. 

The settling time of the proposed probe system for 
positive step function is shorter when the radia t ion 
shield heater is thinner. 

By using thin f"ilm radiation shield (0.00001 inc h 
thick) and adding a derivative compensation networ k 
on the output, the probe system settling time (f or 
a positive step). was reduced to 0.003 seconds, 
which means a 333 times faster response than the 
standard shielded. thermocouple. 

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 undesirab l e concl usions h) a nd I) would not 
ex i s.t. 

h ) Un der 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 i m­
portant because for a 2000°F ga 0 flow, typical temp­
erature fluctuations average 50 F of amplitude. 
This will give 20°F steady state erro r, 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 temp era-

11 ture fluctuations associated with turbule nc e , etc. 

6. RECOMMENDATIONS 
The investigated probe geometry is quite rugged, and can 

be used in standard supe~sonic and hypersonic facilities. Be­
cause its response wa s found to be 3 millisecond s this probe 
should be fabricated and then its actual behavio r compared with 
ana l ytical results. The scope of the present inv estigation 
should be extended further; i.e., since the pro be response de­
p~ nd s basically upon the time constants of the th ermocouple 
a nd r adiation shield, an investigation should be conducted on 
t h e u s e o f a ·~ t h i n f i1 m t h e r m o c o u p l e " a s w e 1 1 a s a v a c u u m d e -
pos it ed radiation shield in order to improve the probe response 
and min imize the steady state error due to fluctuating in puts . 

he l ast approach may lead to the design of a stagnation tem­
per a ture probe whose response could match the hot wire r esponse . 

SYMBOLS 
A Area, wetted by the flow 
D Internal diameter of the probe or acc ording to subscr ipt 
E Conversion factor from Watts to B U/sec. 
M ach number 
Nu Nus selt number=hsDs/kgi (for the sen sible thermocouple ) 
R El ectrical resistance of the radiation s hi el d 
T Ab solute Temper a tu re 
V Volume 
c Specific heat 
c Specific heat at constant pressur e 
h Convection ~ ea t transfer coe fficient 
kg The rmal con du ct i vity of the gas 
kw Th ermal conductivity of the thermocouple wire s 
q Thermo electric eff ec t 
r Recovery factor of the pro be 
t Time 
w ass rate of f low insi de t he probe 
a Absorptivity 

Ratio of specifi c heats 
E Emissivity 
o Stefan - Bo lt zmann con stan 
P De ns ity 
T Time constant 
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u(t) Unit-step function(defined for t>O ) 

0 

Oe 

oi 

s 

r 
i 

I 

1. 

2. 

3. 

4. 

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 3: Function al Block Diagram of Proposed Prob e 
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Figure 5. 

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

A- Standard Shielded Thermocouple Without Compensation at all. 
B - Probe with Simple Feedback: K = 6.85xlo-4 - T=o - T=o 
C - Probe w1 t h Complete Feedback : K = 6.85xlo-4 - T=8.14xlo- 6 - Tc=o 
D- Probe w1th Compensated Outpu~ : K =6 . 85xlo- 4 - T=8. 14xlo- 6 ~ Tc=2.4 msec. 
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