Lawrence Berkeley National Laboratory
Recent Work

Title
A HIGH-STABILITY, WIDE-BAND, LOW-NOISE TRANS-DUCTOR CIRCUIT SUITABLE FOR HIGH-
PRECISION MAGNET-CURRENT REGULATORS

Permalink

https://escholarship.org/uc/item/07903402

Authors

Gagnon, William L.
Smith, Bob H.

Publication Date
1966-06-22

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/07903402
https://escholarship.org
http://www.cdlib.org/

=

,rur_

R A W T
}zﬁg“" t&‘o"}'-fa.g“ T
Lt fallde

RE
_ﬁ%

S —
a“'%,ﬁ

»._:L“—__Q’/z . o

m&/j

L}% ‘%mm K

R AL L ;&& g@? 3

\l‘}/'/“k \v/ PN e o7 N, SemfT o Yo e 4,/ %q/ S \a:,wv N e o N e N e L
e e

PRI S R
@ @%%mew G

AN _,V . SEESAN
5,& LD@}}@@@(M (

N e e
}3%@ .

ke it
LR ﬂt i)
~ \@ﬁ:/i* Lo JQ; /,J

‘fL R,

AN

el

a;

-% ,..

w@ &ét@n

Nt S,

g:m,}@:}g

\1*"’,,:’

s&@m%@g&%é@a*@%;%ﬁélv@g%zwgwﬁkﬁum m@f*&JL%’@ ﬁ“ﬁgiﬂ@ %ﬁ@

[}

:‘?% BLY @@;%@E /@Q%@@;

\ \/, /

\,//

-

[t w@i@@<u@%@§@@&§3”: «J%%@Q %QQV@MJ =

551{_/

@? rate
-y :‘*\}'
S 2

e ( [ -1‘ ‘-’L“LW,L X f»\\ - iﬁf%j Qﬂy\{(/@:@ /‘: E}&}\

' t it 5 e O % hﬁf@ *n ,zma*(m\ Sy

e 3 \ S .; r lf o 1‘ P LT ; =~ ,MZ

\%W/?@:.&L; Ll //) o _ szu. “); &ﬁ%ﬂ. LS %Q L /%\%@?%K

‘ ﬁjf’*\?‘(’“ R
@;}_g a0 @g, (Y _/,_»\\ e | n@%gt L) :(Q_L}l& i

W\(%/i' N ”’“ﬂ(\: N NGO\ e ;5"@\‘&*/‘?\, ENGARN

\‘_’3’[@@@ ﬂi; " ‘,< o KI)EXU I ‘?E M\\ \j}; ‘/ 17 E C\ﬁ—ut’)ﬁga%ujl\%é

i\\_;_-

V@L @;

i%%ﬂ

i

,;j iL Dl. }‘g@ ?,g

m“&’ﬁ\“\

P
mg} ﬁf@:}& j

@ﬂ*— ,';'L:lej@u /@u&%@@ @@@3@5 /Q[‘”

NGy L@

.‘ “/

’@@ﬁ&
B@e@

i f LJ&L Ixu* /gkm@ i
- _mf,} _gm,? (11

\1&%__....w.h.i.c.h_may_b_e_horro_wﬁe‘d for two weeks.

51 %[‘@TDJJZ\IDE—AN lLPW NOISE‘T,: Aﬁ\kggué y R%QI“CUI z e
ww%%@%@%@mw%w@&%@@%g%@m
SeEEeetE

Y 6"‘%%

© TWO-WEEK LOAN COPY
This is a [ibrary Circulating Co‘by

For a personal retention copy, call
Tech. lnfo. Division, Ext. 5545

( ,
@

o~
LE ;3 L)

@L@ﬁ@ ﬁg@ws

L3 ;g?f 3 (Lg@[cgﬁ ‘f"

AN

;_,@@}(@Q 5%@ @ % ﬁt\ "&@&3 [&@L 5%{ ,}_L»\\’ ;I”‘ /\lliié@jigi

1z \,.ql%% ‘l‘{ﬂ;—- %(’—M%w?:‘@-—"@\

m/ (@@ ?‘( &@%&é@&} Q_:)u,/ | _L,@ﬁ?@@,g (Lol )j{/iaw\}@u@ L\@P @D@

ﬂ’“‘*\"\ (

(i

RN TR ””_““\Y‘WZ“Q‘?




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
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assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not’
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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SUITABLE FOR HIGH-PRECISION MAGNET-CURRENT REGULATORS
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ABSTRACT

Typical performance of this transductor cir-
cuit includes a long-term stability of a few parts
in 10°, an output noisc level less than 0,002% of
full output voltage, and a pass band from 0 to 1
‘MHz, The circuit provides low-pass, band-pass,
and high-pass sections, suitably designed to pro-
vide a uniform frequency response, The circuit
configuration inherently filters out the commuta-
tion noise, thus providing a high signal-to-noise
ratio,

v

INTRODUCTION

The most common signal source for high-
precision magnet-current regulators is the water-
cooled shunt, When properly designed and care-
fully built, the long-term stability of this device
frequently exceeds one part in 100,000, However,
it is usually necessary to dissipate several kilo-
watts of power in order to obtain a large enough
signal to realize a comparable system stability,
The problem of reducing the input noise level of
the interconnecting cabling and circuitry associ-
ated with the shunt is formidable and tedious,
Usually, the overall system stability is closer to
a part in 10 than to a part in 10°,

While the inherent stability of a transductor"z

is a little less than that of a precision shunt, the
transductor provides a very favorable impedance
transformation and a much higher signal voltage at
a much lower power dissipation than the water-
cooled shunt, Typically, signal levels of from 10
to 30 V are available at power dissipations of
around 10 W, In addition, it provides circuit iso-
lation from the magnet power supply. When all
factors are included, the system stabilities are
comparable, but the cost and effort required to
check out the transductor system favors the latter.

The transductor studied employed a four- )
core circuit that provided three signal channels--
a low-pass channel, a band-pass channel, and a -
high-pass channel--so arranged thazt xhe frequency
response is flat from dc to t MHz.”*? The per-
formance characteristics of this transductor were
measured and it was found that the sensitivity to
change in line voltage is 35 ppm/% change in line.
voltage, that the temperature coefficient of the de-
vice is -6 ppm/°C, and the sensitivity to stray
magnetic field is 33 ppm/G change in stray magne-
tic field, The peak output noise voltage was
0.0029 of full sign'é‘}, measured over the full
1-MHz pass band of the device, -

ANALYSIS
) o >
The physical p:"icture of the operation of the

four-core transductdr can be determined from
Fig. 1. Cores T1{ ahd T2, transformer TS, and

1966

the diode bridge comprise a standard transductor
circuit that serves as a low-pass section of the
four-core circuit, Core T3 and capacitor C serve
as a low-pass filter to attenuate the commutation
notches introduced by the carrier voltage and
diodes of the low-pass section, Also, signal is
coupled through core T3 to the transductor load
resistor R, It is apparent that this channelpasses
no signal at dc and that for véry low frequencies
the voltage induced in core T3 is proportional to
the frequency. As the frequency is increased, the
reactance of tapacitor C'decreases, reducing the
coupling from T3 to the load resistor R until at
infinite frequency the coupling is zero; thus, core
T3 provides a band-pass characteristic,

Core T4 couples signal from the input bus
through capacitor C to load resistor R, The cou-
pling is zero at zero frequency and, if we assume
an ideal transformer, is determined by the turns
ratio at sufficiently high frequencies; thus, core
T4 and the associated circuitry provides a high-
pass channel, .

When a direct current flows in the input bus,

‘the dc current produced by the low-pass section

of the transductor is limited by the high impedance
produced by cores T1 and T2 when the carrier
current bringsthem out of saturation, This dc
current, multiplied by the number of turns on Tt
or T2, is equal to the ampere turns produced by
the input bus, Let us assume the input circuit

- consists of a single turn--the usual case,

The dc current produced by the low-pass
transductor also flows through cores T3 and T4 in
such a way that the ampere turns produced by the
input bus are cancelled; thus cores T3 and T4 are
never saturated by the dc current flowing in the
input circuit, If we neglect the commutation notch,
the requirement is only that the number of turns
on all four cores be equal, It should be noted that
neither the core areas, nor the core diameters
need be equal, although, ordinarily four identical

" cores are used,

The commutation notch reduces the trans--
ductor dc output current by a few percent, To
compensate for this reduction, a few percent more
turns are required on T3 and T4 than on T1 and T2,

Let us now consider the design requirements
of the components of the four-core transductor
circuit, First, the current-transformation ratio
is approximately equal to the turns ratio. For
example, if one wanted a transformation ratio of
1 kA input to produce tA through the transductor
load resistor, 1,000 turns would be chosen for
the transductor -core sécondary windings,

Sccond, each transductor-core arca must be
chosen so that the total magnetic flux change ab-
sorbs the volt-séconds of a half period of the
carrier voltage so that the cores do not saturate
at zero primary current. In choosing core area
it is desirable to have a margin of safety so that




the normal variation in carrier voltage does not
produce core saturation, 1f we assume a 25%volt-
age margin, the expression for the core area in
square metets is given by

125 Y max

As—=sBo )
m

where n is the number of turns, B__ is the satu-
ration flux density of the core in Teslas, V. ., is
the crest voltage, and w is the radian frequency
(377 for 60 Hz) of the carrier voltage, Next, let
us consider the relationship between the carrier
voltage and the dc output voltage, Consider the
low-.pass section of the transductor in idealized
form (Fig, 2). Obviously, one must compromise
. between output voltage and the size ofthe commu-
tation notch, A reasonable choice is to make the
maximum output voltage be about 1/4 of the peak
value of the ac carrier voltage, The width of the
commutation notch is given by
e
cos £ =g, ()
m

where e is the maximum dc output voltage, For
an output voltage of 25% of E_,, the commutanon
notch is 29 deg,

In a practical transductor circuit the output
voltage is further reduced by the effect of the re-
sistance of the transductor windings, For four
cores this is usually comparable with the load re-
sistor, and typically restricts the maximum dc
output voltage to about 1/8 of the peak value of the
carrier voltage,

Next, consider the requirements of the four-
core circuit in order to produce a flat frequency
response, The circuit of Fig. 1 can be analyzed
by means of the principle of superposition, The
primary current can be divided into three compo-
nents, one of which couples through the low-pass
section of the transductor and produces a current
in load resistor R. The second component couples
through the high-pass section core T4, to load re-
sistor R; and the third component couples through
the band-pass section, core T3, to load resistor
R.

The transductor circuit can be broken down
into the threce equivalent circuits of Fig, 3. First,
consider the low-pass section, For the purpose of
this analysis, assume that ecach transformer has a
magnetizing inductance L and negligible leakage
inductance; the upper two cores, 60 Hz carrier
transformer, and diodes, constitute a transductor
and produce a signal current Igy which is approx-
imately

1
_ dc
Isg = = (3a)
where 1, is the inpﬁt current and n is the number
of turns on each core, From Fig, 3B it is appar-
.ent that

_ ISi
IOi T A 2o
1+sCR+8"LC

Now consider the hzfgh-pass section of the
transductor circuit, Us;ng Fig, 3(d), we have

Iae

.A

(3b)

Ig, = (4a)

and

e~

e Is,
02 T K 1
{“"ﬂj*

Now consider the band-pass section of the cir-
cuit, Fig. 3C, By breaking the circuit at point A,
the circuit can be simplificed by means of Thevenirs

(4b)

theorem, Writing the network equations of the re-
sulting simplified zircuit, we obtain
. 1
S3 :
14 = . (s) :
O3 2 R [
3+28“LC+ ZSRC+EE
Letting s = jw, and = 1/LC, and 2zl= L/C,
and combining the three components, we get the

®

expression for the transductor output current in
terms of the input current:

S PR SR 35 8 W AR I -t
 ruul R S o i Iz
c 0 0 |
. 2 f -1
. 2f

o pg]”
If equal winding resistances, Ry, of the cores are
included, Eq. (6) becomes

1n 2 (R+R_))-1 fo2 fy (R¥R)
0 [a €2 .1 0») ["('ro‘"-"r Of_\_i

=y 4]
e U9 R
mn
{ 2 2R [(mzn“) ¢
3-

dc
(R+3R’) f
"-‘r—’ *'—z(R“\u’” Zy T, T ) -
The three components of current were plotted
and are shown in Fig., 4 with R/Z_ as a parameter,
It was assumed that R, = 0.3 R, ol‘he sum of the
three currents are shown in Flg. 5. It is apparent
that the optimum value of R/Z is 03 for a uniform
frequency response,
The design procedure consists of the follow-
ing steps: .
1, Choose the current transformation ratio
and maximum output voltage. This determines the
number of turns on the cores, Usually, a single
turn is used for the primary so the number of turns
on each core is the same as the transformation
ratio, The secondary current and the maximum )
output voltage determines the transductor load re- . ”
sistor R, v’
2, Include the IR drop in the four transduc-
tor cores by adding this to the circuit’s output volt-
age and make the carrier voltage about four times N
this value,
3, Compute the cross-sectional area of the
transductor cores from the relation
1,93% 103

XV . (8)

A= nwEm max

where A is in in, 2, and Bm is in Teslas,

4, Calculate the core inductance f{rom the

expression
d

kon’h log,, 372 (9)

oo

L=1.17x10"8

where n is the number of turns, dy and d; are ’ \/




N

o
—

Q

respectively the inner and outer diameters in
inches, and h is the axial thickness in inches.
5. From the relation R/Zg =0.3, calculate

L
C=0.09 . (10)
R

PERFORMED TESTS OF A -
TYPICAL FOUR-CORE TRANSDUCTOR CIRCUIT

The transductor tested was designed for use
with magnet currents up to 200A (see Fig. 6).

The 2.5-in.-0.d,, 2-in, -i. d,, 0,5-in.-thick Super -
malloy cores are type 50017-2F made by Magnetic
Inc,, Redwood City, California, The secondary
winding on the cores consists of 1000 turns of num-
ber 22 Formvar -insulated wire, The 10-Q load re-
sistor is wound from Karma wire. The carrier
voltage is 14 V rms. The coupling capacitor is
100-pF, 50-V tantalum capacitor, The diode bridge
was assembled from Texas Instrumentstype-IN3775,
3/4 A 600-V silicon diodes,

The magnetic requirements of cores 1 and 2
are quite different from those of cores 3 and 4. The
circuitry associated with cores 1 and 2 requires
that the inductance increase abruptly when the net
ampere turns becomes zero; a rectangular hyster-
esis loop is necessary, Core 3 serves as an in-
ductance and as a transformer and core 4 serves
only as a transformer. For cores 3 and 4 it is de-
sireable that the inductance remain high, even
though the net ampere-turns is not quite zero.
Cores 3 and 4 preferably should be wound on mate-
rial of low magnetic remanence, and therefore a
material without a rectangular hysteresis loop.

We have not investigated the case where dif-
ferent core materials are used for the two sets of
cores in this transductor circuit, We used Super-
malloy for all four cores, It does not have a truly
rectangular loop, but the change in permeability
near 0 mmF is abrupt enough to meet the needs of
cores 1 and 2, while the remanence is low enough
for cores 3 and 4, We have observed, however,
that because of the remanence of this material, the
value of p, used in Eq. (9) is only about 2000 rather
than the manufacturer's rating, which is in excess
of 60,000, We investigated this and found that if
the core is demagnetized, the value of p, indeed
considerably excedes the manufacturer's rating,

Fortunately, except for the band of frequen-
cies in the vicinity of the cross-over frequency be-
tween the low- and high-pass channels, the current
in the magnetizing inductance of the transformers
is small compared with the current in the load re-
sistor, The load current masks the nonlinear mag-
netizing current so that the output waveform is a
very good reproduction of the input.

The frequency response of each of the three
pass bands was obtained by adding a second winding
to the appropriate core. The results of each chan-
nel are shown in Fig. 7. The total frequency re-
sponse of the complete transductor is shown in Fig.
8. To obtain this curve the input current was mod-
ulated by means of a power transistor. Except for
the small dip at the resonant-frequency, the re-
sponse of the circuit is uniform from dc to about 1
MHz. The high-frequency response of the circuit
is limited by the time constant associated with the
leakage inductance of the core T4 and the load re--
sistance. The small dip at the resonant frequency
is consistent with the basic circuit analysis, as
determined by the computer run shown in Fig, 5.

Next, the sensitivity of the circuit to varia-
tion in input line voltage was measured. The re-
sults are shown in Fig. 9. ‘The sensitivity is about
35 ppm/% change in input line voltage. This var-
iation is probably caused by the change in the
width of the commutation notch as the carrier volt-
age is changed, For transductors operating with
stabilities in excess of one part in 10%, the input
line voltage must be regulated.

The temperature sensitivity of the transduc-
tor was determined and is shown in Fig, 10. For
this test, the entire transductor circuit, except for
the transductor load resistor, was installed in an
oven and the temperature was varied. The temper-
ature coefficient is about -6 ppm/°C, There are
three possible mechanisms within the transductor
circuit, each of whichproduces a negative temper-
ature coefficient which may account for this tem-
perature sensitivity, First, the change in winding
resistance of the four cores changes the width of
the commutation notch by varying the total trans-
ductor output voltage, Second, the back resistance
of the diode bridge decreases with increasing tem-
perature, thus lowering the rectification efficiency.
Third, the leakage resistance of the coupling ca-
pacitor increases withtemperature and shunts some
ofthe output current aroundthe output load resistor,
In addition to the transductor<ircuit temperature
sensitivity,one must, of course, add the temper -
ature sensitivity of the load resistor. This depends
upon the particular resistor selected.

A 8-hour stability runusing a precision shunt
as astandardis shown in Fig, 11, The 120 Vac sup-
ply for the carrier voltage was stabilized by means
of a Sola transformer, It is apparent from this
run that the stability of this typical transductor is
about 100 ppm,

CONCLUSION

In a typical case the four-core transductor
circuit has a current stability 6f about 100 ppm, a
bandwidth of about 1 MHz, a negative temperature
coefficient of about 6 ppm/°C, a sensitivity to
change ininputline voltage of about 35 ppmy/ % change
in input line voltage, and a sensitivity to stray mag-
netic field of about 33 ppm/G change in stray field.
Operation with ahigher degree of stability can be
obtained by regulatingthe input line voltage and by
controlling the temperature ofthe transductor com-
ponents, Temperature compensationcanbe ob-
tained by choosing a load resistor with a positive
temperature coefficient that matches the negative co-
efficient of the transductor circuit.

In installing a transductor, care should be
taken that it is not located in a cha4nging stray mag-
netic field, For a one-part-in-10~ device, the
change in stray field must be kept below 3 G.

The value of capacitance required for the
coupling capacitor usually runs in the range of 50
to 500 wF, This is inconveniently large for paper
capacitors, but we have found that liquid-electro-
lyte tantalum capacitors are satisfactory. The
leakage current at rated voltage of a 50-uF, 60-V
tantalum capacitors is about 0.2 pA at room tem-
perature and rises by about a factor of 3 by 75°C.
This contributes about minus 0.4 parts per million
per degree C to the temperature coefficient,

In a high-performance magnet regulator
several practical advantages show up in comparing
this transductor with a good water -cooled shunt:
(1) For comparable performance, the fact that the



transductor is not electrically connected to the -
power supply simplifies the problem of reducing
the ground-loop noise in the regulator input cir-
cuit, (2) The higher output voltage of the trans-
ductor circuit reduces the significance of the
thermal potentials associated with dissimilar met-
als at connectors and terminals. (3) The trans-
ductor is usually less costly, basically because the
transductor can be assembled out of mass~pro-
duced components, whereas a precision shunt re-
quires costly precision machine work, Also, the
cost of the plurmbing and temperature-regulated
low -conductivity water required for the shunt is
an apprecmb]e cost not required for the transduc-
‘tor.
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Fig. 1

Fig. 1. Schematic ofthe four-core transductor.

(b)

Fig. 2

Fig. 2. Simplified form of the low-pass section of the four-core transductor cxrcmt. This section
is a standard two-core transductor. When this circuit feeds a resistive load, the commutation

notch reduces the average output current,

Fig. 3. (a) Four-core transductor circuit. For analysis thls can be broken down into (b} low-pass,

{c) band-pass, and (d}) high-pass circuits.

By superposing the three signal currents, the total

transfer function of the four-core transductor can be obtained.
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Fig. 4. The three current components of Fig. 3 plotted with R/Z0
as a parameter. We assumed the winding resistance Ry
be 0.3 R, Expressions for the three currents:

(a) low -pass case:

B £ 2 R+R -1
ILP= Idcn, [1-(.((7) +A_| (—z—-— ]
(b) high-pass case

-1 f .
Tpp= Tac® [ s JT ‘_Z‘”)]
{c) band-pass case
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Fig. 5. Superposition of the three current components of Fig, 4.

A choice of R/ZO = 0.3 provides the most uniform frequency
response,
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Fig. 6. Construction details of the test transductor.
uctor enclosure is aluminum.
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Fig. 7. Independently measured transfer function of each channel of the transductor. An additional pri-
mary winding of a few turns was applied to each core so that each channel could be excited by an )
audio oscillator. The low- and high-pass channels agree quite well with the calculated curves of
Fig. 4. The band-pass channel seems to have less coupling to the load than the theory predicts. -
Perhaps the difference is a result of the core losses which are neglected in the theory.
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Fig, 9. Sensitivity of the four-core transductor to var- oven and the temperature was varied.
iation in input line voltage. The sensitivity at 30°C The temperature coefficient is about -6
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Fig. 11. Output voitage of the four-core transductor compared with that of a precision shunt in order to

f:letermine the overall stability of the transductor, It is apparent from this run that the stability
is better than 100 ppm over an 8-h run,
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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 phat
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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