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. .. - . .A tie,.~· dti~cuit fo~. ~i1e···sin1ple 'a~i-iea-conn'ectedsaturable ieado~ correctiD some .fu~da·~: 
-mental limitations in stability~ .. reaponae time, and ·Gignal-to-neiae ratio.- The conventional- · 

:, r;a.tu~p.ble :reactolr has found wide application as a current traneducer but is of(:~n thotJ.ght of 
• < as a noisy device a.n;d vulnerable to_ at:iray magnetic fields.·.-. The new tl"ansformer ina:lntainB 
~ · ·a continuou!!l am pe:r';i; -turn balance between pl"ima.ry and aeconda..ry and excels coi:ivendcmal 
'. circuits when stabilif.y and wide frequency response ax-e important. · · · · 

: ..... ~· .. ~·-,·· '".<:. . . ' .. -~ ' • :~·.· ~, 

:i: :.INTRODUCTION. '· 
•', ·. 

··.·~--- . ' 

.i:!. ·._,· 

·.· .. ;" 
? • •' -~ 

·.. . in prbcipiri~; direct curr.ent can be traniiformed if th~ transformer tore d.oeanit be coni~ 
saturated. Unfortunately present cores have a Hmited satu.ration flux de<'lsity au:d cannot 
coupie ve:ryweli between primary and secondary .unless some means is found to keep the. 
core it1 the high-permeabilifcy region of the B-:I:I (hysteresis) loop. ·· · , 

t.' f \''.· '.·.>···· 

The conve~tio'nat.b:ansductor or iJeriea ~c;nnected saturable reactor mai.nt~~ins coupling 
!! · ' between. prh:nary and secondary by cycling two transforriiers in and out of r.·aturMion to · 
~- •. alternate the load current at the -frequency of excitation •. Thia method of curr~tmt r.neasure-
i' . ment has found wi4e acceptance and has been in u~se fornern.·ly ,fifty years. 1& 2~ 3 M.Z::ny· 

' users oCcurrent shunts would be surprised by the accuracy and stabi:Hty of: the tran:s;ductcr ! . ··· ... having r.riodern.square..;loop· core material~ . . ; > . ·, ·.•.· 
:··~~. '·'.' '· ' ,;: . - ··.,;' ,. f ·•. '·. • '·:. ' .:(' ./' -•• 

. ·< Second.::order errc>l·~ a'ppe~r, however~ when the transdudor lead Cll.Z'l"ent rever.ees. 
· Both cores become saturated and remain :Jaturated -ut1til the saturated ll.'eadances have been 

i1\,_~.-.· .• '' ~ char:ged tothed~phpoa~te pobri.ty. ~- f.This swi
1
t.ehing bpz:-ocess undcoduples}he pri~hary f1:o~ tdhe 

~•·.· EH'!,-;ondai~y.· a.~'l. ·t e t;~.me requtreq · ot- coup tng to · e restore .· epenu.s upon ". e magtutu' e. 
(:. of saturated.. reaCtance •. ··• The'switching time represents an error: the error is .100% when 

the.loa.d current pas13es through zero.-: .Momentary inter:t'ltptions of the ampet"e-turn balance 
. .!·are always characteristictof the series-connected saturable reactor. •· ~The average oatput cur· 

, · ·. rent is also affected, because stt-ay magnetic fields vary the saturated reaCtance and cause 
: '' .'a negative_ n'lagnetic-field·coeff'icient (see ~~ig. l)~ ·' . . ·,:- .. -. '.";. 

· !> ' · ... :. ;-\· '·._ :,~ >. ,._ .:. n. ,'THE NEvf T~ANsF~Rt~~r~~ PR~r~dx~-££··( .. :,-: · 
_ .· 'ro avoid satur~tion of a transformer core, ther.e muat be an arnpere~turn balance be~.< 

_ <tvieeu primary and second.?u:y, and the net flux pr,v:.olt-setot;ld'a.rea :must be zero. Fig.· 2 .... 
··.'.illustrates an. ~xperiment in_which an ampere-turn balanc~ i.s 'set up}_~. the ~ransforme:r T 2 ~. · 

'·:•- Dl is· a half-wave rectifier and D7 ia a.free;.wheeling clamp. on .the secondary. _.1?: 6 ia in.. - ··· 
·creased unUi the secondarya.mpere-turna just balance the pri1na.ry•~a condition inv.rhich. · 

<~·.the positive area· A1 equala the n~gaHve area··Az of 'li!Ti 'The ·seconaary voltage of Tz i~ . 
·_It. (R1t2 + RL) as long as,. D2 .conduCts. ·· Wheri: ~:-reverse. s, D1 .cond~ds and curren.t sh.t,:t.a 
-c:o)rnp .. elely from _Dz to D1 .wlnle E 8 e'cc.eeds IL R_ Tl··.'.D2 bl. o_cka. at <J>i,,-~nd thevoltage of. J.,2 

,, reverses a~ $2•, _Area A1 1s_ formed fr~m <1>2 to (iT - <Pz). ArcaA2 is formed from ('If - cf!.;:;r 
-~_to (21r + <l>z) • .- · ·· · ,·. . • · · · . . ··· ,, ... .·· . . . 

f ... 

!: ' · • . .· .. ' Regardless of the:ca~e V/ith ~hlch E 6 io adjusted. the minor hysteresis loop of i-:or.e 2. .. 
" --~ occupies a very uncertain flux level •. Vlhen a square:..loop core material is IJ.S;ed, Ec must 

be precisely related. to I or .the core will saturate. The ~heoretical :relationship bet'>veet'.i. 
· .. ' plrimary current andEs ~an be found by eqtiatingAl and Az (Appendix L) •.. WlJ.en Es i3.Jlow 
'AI is !ow• an'd the core saturates on ·every cycle from cull"rent. in the primary. High E 8 sa8. .. 
; urate?, the core during the interval of exc_esa volt seconds of area ~~ 1 • ·If ~a. were regu.~~s:-ted 

. , .·.· or adJusted __ t.o every control current, the core ~ould always remam in a hlgn-per.tne,:..ba.Llty 
.. ~'Jegio~• but· this does·. not ~.ee~::Ver.]f,prac~_ical. · ·-···,_,.._·::·:.- -:~·- .: .~,· . .,..:_ . : . 

. -:· 
. ::- ·_. 
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'if'"~>~ , The addition ,oftransfo1·mer TJ pe1;",~~:.its/ a l·ange of.a::or.\1:. r,Jl ~ur1·:e~t b be b!:'.lanced by . 
[1!.:- : af'ixe'd suy)plyvdtage •. Tt is connected in c;eries with ·tz as shown it1 Io"'ig. 3. .P.;6 is n::.\de 
f. . . high &nd 1'z COtlplea tha:: prhnary current to the ,:load (as sho'iivTl in J;'ig. l} until the e;:.;tce:sa 
il' :.>yolt seconds begin to take ;core 2 into satur~ti<.:.i'l~ Tfh;ar;;_·fewer turn.s th.:ui 'l'z~ thuG cle!w.; 
', · · ::nanding a hi!iher secondary current fo1· the sarr;e·.core ·excitation as core ·2. As .cere 2, ·. r '· 'approaches sa.turationJi· its. e:u:citing cur.rent becOri!eS high enough to bring c'ore. }'into the . ; 
' high-per~·neability region. • Figure 4 shCJvvs the volt~ge shifting frofn Tz b Tt ai 'point C : 
... '· when-tr<ins:ioi-rne:r 2. t.f!lacl'u:~s sa~urat~on:>' Figt:~.re 5 shows the hystereaia loop sllghtbr d~a ·_. 
··:: ~ placed by the unequal secondary ,a~n·peie-turno.:' Diode Z·re:t~aitis blocked after E~: ;e-.}. -
:,. yerses atb (Fig~ 4)/~uld the amtJere.'-turn balance 'is t-i-_iaintained by· Tfand Tz in. series\,· . · .· 
i<: .· ti.ntU core 1 saturates at point f~ A-t point f,· ·current shifte ,back. to diode l becat:tse E::5 ' · 

blocks diode 1 when core 1 saturates. :After ~s reverses ~t po,int aD .currerlt shifts .~c/ 
. di~de 1 and block's. dit;>~e 2_ V~.·hen the loop current il_terids to excee~ i2. . . ' . 

; ; ·. ' ' . A~o~l~~-~ w~y id-·;~~~l~rstand.~h~·_sa~~~ SeC!I;ence bf ~pei:atl~ni~ tp c~:isid~; TJ fi;st. ~' : ~ ;' 
~ : .. T"r functions ae a half-wave saturabJr- :reactor operated in. the lincat· r:r,_cde. Norl-r:a~ly i 1 . · . 
~ ~.. equals IL, ;and diode Dz. ia riot conducting~ Durin15 the tiriH=:. saturable rear;tor T 1 .is 0atct.ra~:ed~ 

il ia lesa,than lt,;a. ar1d the fli'~-C!. wheeling .diode Di r>rovidea an.-·independen.t path for cu.x::;:~en£ IL• 
; , . · CfhuEl even though the arnpere turn balance is. Lost with respect _to T1,. .the ·secondnry .of!. T., ·· · 

· · ia in effeCt short circuited hy the diode Dz and the current lL d.-~pend9 only upon· the pl'f.r/'ary·· 
!-,: r t I · · .. .. - , 
~· cu reo_ ._c·... ··· ·· __ .:. , _ ... ·-: - _ .... , _,_ .. ·.· · ..... 

• . ·> · •. -.~. . ........ ''· . ~ •\<:·. :· . '"' •, ·.• _.•:. '. 

. . . There are· ·scrr)e distin.d'advantage!il in ha-ving the p:dmary coupled 'to th~ load aFaH . 
Hr;1es. Ii'h•st,· the .noise a·nplihtde ·ie smaller and better defined. Rip;,le curre_nt_ ..... ll:,e.J,?E~ 
equals the coercive Clil"l~ent COrre~ponding to the width of the hys_tei"esis ii.?Op. . . : •-_.·._ .: ', , ~ · · 

~... ~ -.. ~ ' . ., -;. 

. · ... · · - Second,-· environrnenta~ 'changer{ in the B-H loops have a ·.ie~y a~~r)aU effe'd: he~.ause the :iv 
'el·age co~rdve. f'.orce al-nost.adds' to. ze:ro for a.n.unaat.u:i:'ated equa;:e __ ,..loop <:ore ·t.:atexia.l. : 

.·.!·.: .. ;. ~ ·~\· :: . -~·· :_· ··~· .· .· -.~' .< .• ,:~ ,." :· . -:. '"' , •. ' ., .-:, ~: .:' '.·· • ' . · ..... • 

,, -".;,.,, ~-::.::.,. ' --~.--.,;_ ... _·, liL'DESIGN:I:"A.~:l.::ii~s·:.-':'-':· {'t ._ .. 

. " :f?.~; The lil~~~l_. ... .Teikuonship'.~bet~.Vc.eri pr-imary a~d~ .a~cbnd~:&·y :cui·t·~~tiis ·will hold. for. only 
... •:· one: · tmlarity ot primary cul:-:t..;'er~t •• · To mea. sui~- a .rever'ae':current D;l- and,D_i:)l:t-H:H:' 

.. ;· 
~ ·,' 

~ '. < 

. ~· .· 

.;. >·J:>e>:re'.Je·rsed •. _<·:.: • · \ ':. ___ ;~ .' · · ~• .. · · · · · ·::.-,_, ,· ,-·->· · · · · · -_• 
'. ' . ·. • .. ~ . ~ ' ·. :· ',. ·. ': ·i . ' ; . ~ ~· " . \ '; ~·: ·:, ·.} ;" 

z~·t lf 'it1; i~;~n;titte~~- uie ·~eco~dary cu~rent becO'ri;es e;.:.ce?Jsi;e wherr the •prirr::a:r·y ·cu1·h~~-d 
is zero.: R 1 prevents T}i-,iror:n going _into the magnetic -a!"11plifier ::node at ~ere con:-
trol current. ·. :- . · · · .- · · . , . ·- .. . · · ;. _ ·· 
.•. ';: •. · C:· '.' .. ,···~ .... \ ~-·· ,~··.',. "··~·." .··~ ,,t '·' .. ~ 

~ ~ . · .. ~· 

C~re T:triuat have e•1ough c•.:rPsa .. Eiect-iort area to ibso1~b·:a.u of Ea plus a. scifety.fac~i 
.. '- . tor_;, vihile cor'Cl! '2 i~l?.!qu'ires_ about half a$ )").)UCh; since- H ctanrtiot absorb D) o::re t.ha.h f 

·· · IL(RL ~ ,~Tt)for a little .~core than .half a. ~)·de~'_ > ::.:: ::··. r., : ·· - , 
:./.·.' ' .... ·.~· ~-· .,, . :_.:; :< ~··.·.,:·:,., :' ·.:. ---7··~' ~ ·:.~.·::·~· .. ~····~> .. ~·.' ... .' .··. · ..... .:·:··' . ' ,.·1~~~.'\.: ::,;·~--~-~-·~·:i'i<\ . ·:-.. " .·. < ·.~· •• :: •• .::_·_.: ~:. ;·.>> · .. ' ··:·. ::,_; 

... ' 4~ Fig~ s· ahowa that. Es malt is limited b.Y the volt~se·.corid capab~lity .6fT 1 a_t lo\: COP;- ' 

<; ht-61 curr_enta. · E~ r:nin rnuiilt be ·n-IL ma'~t (RTz 1~~· Hj) plu~ a zaftey fador- to accoii:'' ~ · 
r:r;odate for.variatioris in.E!;·an~ to accommodat~fqJ:the leal:;;age.rea~fr.an.ce bf T 1 ~,:- .. 

. .. • '• ' <~. . . .,, . . .. . ' . ; .' ·. ·~ .. '· ' · .. ; : . ' 

:. iv.'. A THIRD TRANSFORJ\iE11 15 .A.DDf:D .. ·· . -··.:- - -:. > 

.. · :- .. · 1'v.tany a.ppUcatioJ16'1"equire the ;ibility to detect a·v.r'ide r~~~ge _oLfrequency cornpoii~nts 
~and a wide 1·arige of arnplitudee. 5, 6 ·At1 alternating-cu:t"rent ti-ansforn·.·.er rnaybe <?.dded 

_·._.Which . serves the purpoSe of filtering ()Uf: the coercive, CUrl"ent rfpplt:~_'without nat:r.·o-\.'-,{ng th.Q': 
... frequency ·response.· Jf,the fir at tvio .. cores are represented by'a hypt>the~ical .. .d~recl: -cu~r.ent 

:f.'-h;a.nr:sformer •with a coercive current generator at itG output .. the equivalent ci:li'cuH: of a lo'w~. 
· ... n-oise. unH can .b~.- represented i}J_y .F!g~. 6.: An:,;:a~~al.ysis:. of ~h.~ circuit {App~tndix II) shovn::J. tic•~ 

voltage acr.osa N ... to be coercwe nppl~.· . Also t.' _ltil reduced Py, a fad:ot' of (Rz/wx J.,.3) and 
" .. . . .) . ·. · . . , _ _-,.;.:--·• .' ":.X •·· .· -·., ... -. - ·. ·-·, _.. . . . . _.· . ·. . .· 

- ,·.: ,•; ·: 

·,., ' 

..: . .::.:·. 



: - --.-:,- !',•,:.· 

·., 

· ·· .· . N3/Nz = {Rz · + JR 3)/R] •• ; .Figur.e 7 sho~·a' t1. prac'tical.drcuii v~hich i!IJ l1Scd to· me~s~re.large . 
: :curwent pulsee in the r.nagn.et of a: partu:le tM:celerator. The transfe:~.· charader:~.shc is about 
·, :3 db down at .lOO,oCro:cps."·and peak direct current, goes to: 5000. amp.. The lllciil:ze iri the miepuf 
·· .. signal :cefel"r.ed to the· hlpuf clu.;rentia less .than<0~5 amp . .i The lottg~tei-rn stability •. chcclted: 

by a. flux gate 1-n:agneton~~t~~· 'is. bette? than O.Olo/o~ · ·:.>:. . , . · · ·" 
. ., . '> . .'· . ·-~· ( ... ·:, .·. • ; >. ·:· ·--~~=· ... :·,:""· ... :.:. > ,~'.Z' :'c,·,(· •.;'.! ~-,~·· ··,.-.·., ,, ' . ' •' . ' ' .• •• ~" ·. ·j. 

, .· . At first'·riO atte;npt was' ;.oade to u~e the wide.:.tjand ·'&ir~d-curr~i'lt ,t:t•arisforl1~JC!". £o'r. I, ' ..• ·· 

, ab1:1otut~ f1'L~:l'.tt~u:r@%'l·'l~nt"• but·.mubt.!HUJ.U~nt choelu3 buv~ ·~howr.. th~t it ~o.ri b~ t:rimtr,ed to tqelil.e·:.: · 
. ure with an error of. less than O.lo/o ·over a ra.1.tgc ofte'n.·to c)ne.: Corr'ipenaationfor. line~'rity~; 
' ahov«·n by !"ig •. 8,. is ~chi~ved in the: ·load 'Circuit> A fixed bias cle:tivcd frorn E 6 plus an;· in~ ·. 
··.creased load. :re~iatance of about 0.2o/o vJas used to ·obtain the flatte!' cm.·ve •. ·'!he inherent 
· high·irnpedan'ce t;:econdary circuit n]akea the cali!)raHon h•dependeutof circtl.it constants ·· 
::'except· wher:. the third trani;;foriner is cornhined .. throur~h ·a. resietance ~mbdng network. . Rz'' 

.. · : 'o{Fig.; 7 may t,?nta.in ~ copper re~istt':'r to correCt fo'i- v~~ia.tiona in ~he resistance ofT 3· .. ·· .. 

··. _)'. ':·~. ·. Vlhen .th~·~!~·P:~'~i~d'~i-ari~i~n(c~~i~·e.nts ~~6~~~.i~··~e~a:¢iyeiy'fe.\v ~~liper~aec.ond.ss ·the thir~ 
.,Q::rano!orn'ler: m?>'y be:.:eap2.dtiyely_c61l)!led~\ Rz is·~eplac~d by a capndtoi· which offe1·s low · .·. 

~:.'. 

' 

· impeda~ice to· :coercive cu.'rrents atld N~ i:s t'i."'J.a.de equal to N1•/ Resistance ... ternpera.ture eff~d:s 
·of '1'3 are··i:henunimp<;trtant,'hecauae of the c.onatant-current· ch(j,racterisHca of the T1 ... Tz· 
combination.~~ · :-'•·: · · · . ,. · · · 

·. ·..,, :' '• ~ . 

" '•• ', ,:.: ... ·· ., .. ' •. CONCLUSIONS< ' '~ !' ·, " '• .• 

, ; :: < ··>~;· • ~h~·"gi~~~l'ts describe<l ha·V~ been u'aeful in zneasuring chnd C~mtrollidg la.rge Clll':t'el.ll~:''' 
·Partide accelerator a and auxilary equipn'1ent used 1n physics t~esearch oft~n· 1.:-equh·c. pre~ . ·.·. · 
Ci(ie n;easuren'letite in· adverse: magnetic ot:rtvironm ents. .The cil"cuit shown in. Fig. 3 catl ·.: ... 

'·, be 'a· convendon.'l.l txa.nf.lducto'r with minor Tl'!Odifications -added,,. .and. lia3 found the VfideGt gei."l- . .'{ 
.. eral use~ · it1~hree-core'' ·circuits a:&·e mote e:n:pen::d.ve but prOvide isolation'o h7.gh output 

, ... 'voltage,, and wide f:t.•eqi:iency respona~'!;,;;.t about the price of a lo"v;.;;voH:age shunt. The wide- c:-­
:1·' ~ .. band txansforme:i.s have· n·:ade possible .h"leasu:rements that would not have been considered 

t~·?:'9 ~ ?•: ~oni~2t:t;,~~~ran.:;:c~::· }'i~~~NoW_LED~MENTs .·... •. ·" , , .... , •.. , ·• ; ·~·~·· •. , •.• , , .. · ·~···. '.·· .. 
·· ·. · ., · · .. ·•·. We.ai-e especialJy indebted to Dr~ Henry Botl:rne oft:he Univel"sity ofCa>.lifornia facuJ.ty 

· r .:. ·for his· cc.ni:mltaticms .on :magnetic amplifiea-s and to, George Farly who: has contributed . ..· ... ·· . . 
·generously tov.rard a bette+ understanding of transforinejt"S~"· ··,.< < 

.• • • ~ 1~ • • • • • ' • • ~ " -;~~~·· .··:·~-·- ;. ' .. ~.~ 
~... , ·'.. . :· ".•'·.- ·•. • '!'·.···· .. . , , . . · •. ,. .• .. . , ..... 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com­
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission'' includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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