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A new" c‘* -cuit for &‘he i:z,ple aefica connec%ed .sa,ﬁvrmbﬁe mcac&or co*‘rccﬁs gome ﬁ«mda-‘"
mental lmitations in sﬁamﬁiay, respoase time, and- mgnal-&e-nome ratio.” The comventis nal.

- saturable reactor bhas found wide application as a current trangducer but is often thought of
ag 2 noisy device and vulnerable to si:x’ay magnetw fields. . The new transformes maintains ‘_;]‘
a ccn@:muous ampere-ﬁ:urn ‘balance between px simary and eeconda"y and. exceks c@'ava%mnaa
"-cwcuuw when ma.mllty:and wxde frequency reaponse a.re 1mporf:3n£ : S

,(.v

‘ IN TRODU CTION

in prmc&p , direct cum‘em can be transformed if the tramsfar*ner core daaan ¢ beco‘ne
B afzuratc_d ‘Unfortunately present cores have a limited saturation flux density aud cannot’ '
. - ¢ouple very ‘well between pr xmary ‘and secondary unless somé means is f@und tm Reep Lhu

”-"ccre in &he rngn-pcrmeabzhfﬂy regs.on °f the B- H (hystereais) 100’3*".1"} R S S

‘ 'T"he convenﬁ:wnwl ‘tran dacter or. éerxes cc»em cted cuturame ¥e ctor maznmma c&«mimg
o between. primary. and secondary by cycling two transformers in and cut of satuzation to :

3 " alternafe the load: cu*xenﬁ at the iz‘equencsj of exm&atmm . This method of current measures
. ment has found wide acceptance and has been in use for neariy fifty years. 1, 2, 3 Mony
‘users of current shunts would be surprised by me accuracy u.na s@abxhﬁy of tne tm:mcmctor
,havma modf»rn suuare—loon core material ‘ 'A Sl S o o .

PR ueconuwrder error appea.r. however, wnen the tran ductor load current reverses,
g -Bedﬁ cores become saturated and remain sai‘,urated until the saturated reactances have been
"chm‘ged to the ‘epposite. polamﬁy. This switching process uncouples the primary from the
-;..‘aen*onéary. and'the tirne eqawcu for coupling to be restored dcpen{it«: upon the i maguitude
saturated. reactance, ' The swwchmg time represents an érror; the error is 160% when
-ﬁﬁae load current passes through zero,  Momentary mterruptionss of the ampere-turn baxunce
are always characteristiciof the series-connected saturable reactor. . ‘The average sutput cur
reat is also affected because: stray: wagnetm fields vary the saturated z‘eaceanc& and cau@e ‘
‘a negatwe mavnetic-ﬁeld coeffxcxent (see I g 1) LT e

”-'TBF NEW TRANSFQR MER PRINGIPLE

To avozd saturaﬁion of a transformer core, there must bé an a.mpere-tuvn mlance be- o
'_i:ween primary and seconda*’y, and the net flux or volt- second area must be zero, Fig. 2
. ,diuatratea an experiment in which an ampere-turn balance is set upin the. transfc}rmc" Ty o
"Dy isa half-wa.ve rectifier and D;» is a free-wheeling c];a"np on &he secandary Ls ig in- = -
“creaeed until the aocendﬁry amaere -turas Jusfc balance the pmmary--a conditicn in which
i the nemtwe area Ay equa!s the negaﬁ:we area Az of E. T""ze secondary yoltage of T Tpis &
ety {R + Ry ) as long as D, conducts. - Wheﬁ Eg reverses, Dj conducts and curreat shifts
comple %eiy from B to Dy % £%,

_ ile Eg exceeds Iy, Kyi.. Dy blocks at ¢i. and the voltage of ¥
. reverses at cgaz. Area Al 18 formed *’ram cpz G (ﬁ’ - qbz) Arca AZ L, formeei fron* (ze = 1;2 _—
i.O (Z*ﬁ' + ¢2§ , DT ' o s : i o

B Reg@rdleaa of he care wzth thch Eg ia adjusted. &he minor hysaefeszs mcp of s.OW: ?;v

. _accupm@ a very uncertain flux level. -When a square-loop core material is used, E. must

“be precisely related to I, or the core will saturate, ‘The theoretical relationship between
‘primary current and B can be found by equating Ay and Ay (Appendix 1), When Eg izdow.

Ay is low, 2nd the core saturates on every cycle from current in the pﬁ’imary. High g Sr_,u“-»'

““urates the core during the interval of excess volt seconds of drea £yo oI By were regulated

oF. ad;usted to every. conﬁra? current, the core vmuid always remam in a }ng,n-pe *n@"bwl .
egmn. but z‘:hw does not- seem vex-y pracﬁical L A SRR




T;w aazi;twn of transfozmev T p'm its a- range. of cont’ ral currem: to be ba '(:ch@:e?a"bﬂ?'f,j'

a fx ted sup; ply voltage. Tyis coxmectv in series with T2 as-shown in Fig -3.' Eg tg nade’
" high and iz coupies the primary current o the:load (as shown in Fig. 2} uatil lm excess
vci? seconds begin to take core 2 into saturation., Ty has fewer. turns tn:m 'I thus de-
manding a big he*v seconuary current for thic sameé core evcitaiion 25 core A.ﬁ core &
-=._a:>nro‘«u.hes ﬁaturakmm its exciting current becon"oa high enough ﬁ:o brmg, core 1"into the
Big h—pmn: eability region, - Pigure 4 showa the volmge shifting from Ty to Ty at point G

v"_-twh@n transiormer 2 reactes aaturatmn.,‘ Figure 5 shows the h;raueresm Ioop ahuntl dis
placed by the uneqa&l secondary armpere- turm; : '*.Dmde 2-remiaing blogked after Hg Feal
‘verses at b (Fig, 4)/and the amperé~-turn balance is wiaintained by TI ‘and T3 in series
~until core 1 saturates at point £, At aomt {,-current shifts- ‘back to-dicde 2 beca&w .ugf
‘blocks dicde I'when core 1 saturates..’ After B4 reverses at poiant ay curru*t shzf Lo
{ &10»@ 1 and biecka diode 2 when the 10 P carrent iy ﬁ.ends to xcecd 52 3 S

‘.4

Ano*hmr way to undera%a'xd “'}h. sa.m«, 5eqvenm, o£ Operai‘mn zs fro cons t:‘z'er ; first, RS
Ty Lum.ﬂ.xcm ‘ag'a half-wave saturabilPreactor operated in'the linear mode, Normally ij '
%
¥

equals Iy, rand diode -Dp. is not. conducting. During the time, samram% reactor Ty is 4a
i1 is Eess than II 5. and t e free wheeling.diode Dy provides andindey pendent path for cux
“Mhus even thouvh the ampere turn balance ig lost with' respect to T 1+ ‘the secondary ot l”
8 in ‘effect chom czrcmte’d’ by the d..ode Dz c‘m:*l ihe cur“em IL dc='p~;1d9 oviy ur\m m ~:s 0
: currcn& Zc. N v R ST , : S S

Lo e $73 are acme dis mcﬁ'adv&n a @6 in havmw tm. m’tmary Ccupm.f. ‘zo the ;¢,,d _
. 'times,_ rn”s«t, the noisé a nplitude is smaller and better defined. Ripple ¢ urvmzt L2
' _‘eQua}a tn .cuercwe curremt correapondmz to @he wadta o€ Lhe hyste;emu mcv;.

N . e ’

r

A “

"'trol cux‘ 'ent.

' 'i_Cm’e Lmuaz imve eacuah crpsa-sectwn area to- absorb all’ of Fﬂpws asaftyfa
tor; while core 2.} reguires about half as m uchb since it cannot bsofb“- :
"_IL(*‘"L"'*' RTz) for a httie rpore than half a c*ycle ‘

CF 1g. 5 showsg thae Es max.is’ hmitcc} cy he volt= “SECOnY (‘a:.'{)cl%’)lli vool Ty at low co
‘trol curreats. Eg toin muat be wip, max (Ryy. -i-i;RL} plus a saftey f «;&oz"t.o accor
1Y od..te for. vama&*onﬂ m MS and to accommodaae or the lzakage. reactance of T: o

A. TF’Z’?.D T ANSE* O"R"W"'i 1’3 “Z’JE}LQ

miany aaahcatzona equwe f:’*zc abxhtv to detect a wxqe rmn ie of: h‘@e}uensw comym;

‘and 4. wide range of amplitudes. 5,6 ~Au alternating-current. taansfamrze_r may be added ,

" which  serves the purpose of filtering out the coercive current ripple without narrowing zhf»
frequency response, If the first two cores are represented by a hypothetical direct current

transformer with'a’ coercive’ currcut generaﬁm at its ou&pat. the equivalent circuitof a (6w

. noige unit can be’ ;epremented by’ Fig, 6.7 Ang analysm* of the cxrcmt {Appendix [T} ehows the |

Yltage across N éo be cecrcwe npple ' Alsa a}v{ is reduced by a_factor of (RZ/%, Lg} e»ncﬁ A

.A‘CG
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Srares

TN 3/N2 (4..2 + R«)/R Viaurc 7 shows 5 a pracuca}l mrcuit whick is uaed to measure E:zr;re
’f,current pulses in the. *-na.gue‘e: of a particle accelerator. The transxer'cbaracmmahc is abeut
3 db down at. 100,000 ¢cps, and peak direct current goes: £0°5000 amp, - The noise in the mztpu?:
'_mgna.i referred to the input” current is less than 0.4 amp - The long-term stabﬂzw. e,hcraf.ed
ay a. ﬁux ga&c 'nagnetomet‘ T, is. better %nan 0 02 S

- Au firs%. no wmmpt wanmade to use khe mde-band du‘ecﬁ‘. curr@nt ﬁz‘ansfﬁrmcr mr;
absolute mmmm.ncnm. but. auh&mqumﬁ ahw} 5 have shown zhat, it ean be trimoed to memw
ure with an érror eY iess than 0.1% over & range of tén to one,; Cmupensauon fox hne%mty’
v ghown by Fig.. 8, is ‘achieved ia the'load cirecuit.. A fixed bias des ived from Eg giu?s an in-
creaced load vwmtance of- about 0. 2% was used 6 obtain the flatter curve.. ' .tbe mne‘mnt
- high-impedance $@c\md:n°y circuit-niakes the calil wai‘.mn independent of circuit constants”
' "excent when the third transforme“ is combined.througha regigtance-ixing. network, R
“of I‘ig -9 may co'nmm a capper resmtmr to co:recﬁ: for va,rmtmns m &he rf»smmnce of T3

‘;D‘

“J‘vhen “che eﬂxpected f:ransmnﬁ curren&s 'ccntam'r'@};aawely few a,m-)ere aeuando, !me &hi"d
"{&ranafm’me[” may be’ capk.ciinr ly. coun L.d"‘. Ry is- replaced, ’av a capacitor which offers low '
:ﬁzrﬁpeaancu tocoercive currents and N3 is'made equalto Ny.' Resistance-ternperature effedts
of T3 arethen unmmortant becauae of tne cons&an& currem cha;acaem &.zu’: af' ‘che "‘”E - '.3;’2
'combinatmn" : T R

. A CGNCIJUQIO l )
S The cigcuits d%cmbe{’ have, been useful in o waaumng and ccm%ronmg ﬁaa ge cur e aé C
Pa rticte &ccem“atars and a.uml‘.ry eqmpmeq? used in pu'}'Si(’S résearch offen require pre-
cise ‘easurements in‘adverse: magneﬁ,m environments, - The cu'c:ui‘ shown ia Fig., 3 ean ¥
be a conven&wm‘zl tranpductor with minor: mochfwatmne added,, and has found the widest gen»

.;eral use. "Three-core! c&rculﬁs are more expensive but px’ovide isolation, hi gh output - i
“voltage, and wide fre@uency responfse at about the price of a low=voltage shunt.. The wide-
hand transformers have niade possible measuremems izhat wauw not have aeen conaxde; ed
for. the, conve tional transductor,; L SRR
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C Figs L A mrmy OE B I{ ioopr fm: _

.+ delta-rnax or orthonol core mater-
.. ial shows reduced. B*‘nax when a
C a.ra,xwve se fzeld i3 _a.ppned¢ "'

g 26 Basic cx**cmt anc’ princi*@le of
vopuraimn., ,m T

Fig. _é. H'*stmcmv loopu‘snownw how
- cox 1 ”c‘om core 2 when 1\m is
N,.’
.riré\'lplé of o?cr tzan--&i}u{}n
:amﬁ 5a'm ab‘e tranaformer T
: S‘ig} 6. .tmu_x alent eircuit of :sd,e-ba*ld
S dzrecﬁwux:’:ent tranbformer.
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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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