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DESIGN FUNDAMENTALS OF CURRENT TRANSDUCTORS FOR LARGE DC CURRENTS *

L. T. Jackson
Lawrence Berkeley Laborstory, University of California
Berkeley, California

Introducticn

The efficacy of the transductor es a magnetically
isolated, wide bandwidth, large sigral means of measur-
ing direct currents is well known and documented, but
the basic operating prircipal is not. The alternating
current transformer is accepted as a current-driven,

T owrd Az hoe Aved 341
0 Wide vandwilua.

AT A e e ca b m e am Aoyl o 24

VU.L b-BCLUllU- CULIo LL a.¢u€:‘u uTvyileoc 'J.b
The direct current transductor has the same basis of
operation, with the addition of an slternating vocltage
constraint in the seccndary. This paper will describe
transductors from the current driven point of view,
starting with the basic single core device and develop-
ing the multi-core units from it. A new Feedback-
Transductor will then be described.

Single Core Transductor

The basic tran or which must be thoroughly
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appreciated is the single transformer device as shown
in Figure 1. First assume that the source of alterna-
ting voltage is reduced to zero volts, and that the
core was previously set to saturation at one end of the
B-H loop. If the direct current scurce is now applied
to the primary winding in the sense to drive the core
out of saturation, the primary and secondary windings
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will now be coupled together the changing flux in

the core. Assuming equal turns, a secondary current
will flow which is equal to the primary current minus
the magretizing current until the core saturates at the
opposite end of the B-H lecop. The rate of change of
lux in the core, and therefore the time it takes to
reach opposite saturation, is by Faraday's Law equal to
the voltage seen by the core. The core voltage is
here constrained to be the magnitude of the current
source times the resistive drop in the secondary
circuit. As an example of the kind of time involved in
the B to +Bg solve the integral form of
Faraday's Law with some possible core and winding
parameters:

excursion >

e t = 2B . A N 1078,
core sat ~core
Vhere B_ . = 16,000 gauss, n = 200 turns (#20 AWG)
- = TR A =1 valt, = 1.25 em?,
core secondary core

therefore t = 80 ms.

During this period of time before saturation the
secondary current faithfully reproduces the primary
current with a btandwidth from dc to hundreds of kilo-
hertz (wherever the distributed inductance and capaci-
tance of the transformer resonate). The magnetizing
current will tvyrically be from C.1 to 1% of the maxi-
mun seccndary current depending cn the type of core
material used. It should be emrhasized again that the
transductor described is driven from a current source.

If the alternating voltage scurce shown in Fig. 1
now increased from zero to an appropriate magnitude,
h the direct current source still applied to the
he core will be driven cut of satura-
ha;f~cycle when the source polarity is
hown. When the secondary current ri
quel to the primary current, the ccre unsaturates, and

voltaee applied to the core is the difference
ween the source voltage ard the TR drop. The first
This work performed under the auspices of thre
Atomic Energy Cormission.
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half-ecycle of Fig. 2 shows this condition for a square-
wave voltage source. The core is driven out of sat-
uration to some flux determined ty the volt-seconds
applied during this half-cycle. On the next half-
cycle with the reverse polarity source, the two voltages
add and the core agein saturates at the time when the

volt~seconds equal those applied during the previous
hal f‘_nvrﬂ -y

because this is the steady-state condition for a given
value of direct current, i.e., where the volt-seconds
are equal on every half-cycle and therefore the flux
exeursion repeats cycle-to-cycle. The addiition of the
alternating source has made possible many repeated
periods when there is coupling between primary and
secondary through the changing flux Just as there was
for one time only in the camse where the alternating
scurce was zero. And when there is coupling the current
in the primary is faithfully reproduced in the secondary.
But it must be emphasized that the role of the alter-
nating supply is as e means of determining the voltage
applied to the core, and not as a source of power sas
such. Note that with direct current flowing in the
secondary while there is coupling, power flows both
ways in the source.
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Every subsequent cycle will now repeat

After the core saturates a current
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source voltage divided by the secondary ¢

resistance flows. For monitoring applications a diode
is added in series to the circuit to cut-off the current
after the core saturates. Here again the current-driven
aspect of the circuit is revealed, because as long as
the core is unssaturated, the diode remains conducting,
power being inverted back into the alternating source,
rather than the diode blocking at the beginning of the
negative half-cycle.
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To complete the transductor desecription for a
single core let us use the same parameters employed in
the first example for the case of a 60 Hz square-wave
source. A supply voltage of 10 volts will drive the
core from positive to negative saturation in 8 ms.

With a winding resistance of approximately 1.0 ohms for
a 3-in. windcw-diameter core, a 9 ohm load resistor
would give a totel secondary drop of 10 volts at 1 amp.
This is the limiting voltage because at this maximum
value of current the IR drop ecancels cut the supply
vcltage on cne half-cycle, and therefore no flux excur-
sion occurs.

Before discussing transductors witk multiple
transformers in series or parallel arrargements, which
solve the obvicus failing of the single transformer in
not providing counling a*t all times, it is impertant to
discuss core characteristics and their e®fect on
linearity, voltage and temperature sensitivity, and
range.

Core Characteristics

The preceding analysis of the single ccre trans—
ductor was done assuming an "ideal trarnsformer”
characteristic, with only passing reference madeto the
fact +that the secondary ourrent differed from the
reflected primary current by the core =xciting current.

“he transformer is characterized by the proper applic-

ation of Ampere's and Faraday's Lews as follows:
e 5 .o
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t =e, = = [ ar J=11ton
J Jdt )
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For the two winding case, assuming that the
exciting current is zero, the governing equations
are then:

The product indicates that the net power into the
ideal transformer is zero, as it should be.

With the continual improvements in core materials
over the last 30 years the "ideal transformer"” approx-
imation is far more valid today than every before.
Materials available today have magnetizing forces at
£0 Hz that range from electrical silicon steels at
1 to 10 cersteds, down to 50% nickel-iron alloys like
Deltamax at 0.2 cersted, on down to the 80% nickel-
iron alloy, Supermalloy, at 0.005 ocersted. (Super-
malloy has a Bg of less than half the 16 kG of Delta-
max, however, which means proportiocnately more core
cross~section for a given voltage.)

In order to clarify how the 'core function"
enters into the transductor operation, let us insert
e generalized equivalent circuit into the single core
diagram as redrawn in Fig. 3. The equation of the
exciting current, ip, as a function of the core
voltage is

(1)

i = I + T fedt N

sign e + Ge
m co

for the B~H loops shown in Fig.hi when the core is
unsaturated. When the core saturates and the core
voltage collapses the switch closes. The equation
seperates the magnetizing current into its three
dominant components: the static I,,, shown as a
current sink in Fig. 4; the dynamic loss term G which
makes the current a function of the core voltage, and
the inductive term traditionally used in circuit theory
for coupled circuits, r = 1
T -
The inductive term is associated with domain
rotaetion of the ferromagnetic material, where increased
magretization requires Increasing applied E. Removal
of the applied field returns the magnetization to zero
without any loss in the material. In the "soft'
ferrous materials this term is more predominant. With-
out the inductive term the sides of the E~-H loop are
vertical and represent domain-wall motion. Wall
motion once started in a uniform specimen with well-
defined wall boundaries is maintained by a constant
applied field. The "hard"nickei-iron alloys approx-
imate this vertical characteristic, Deltamax being
representative. This is a lcss term to the circuit.
The applied voltage determines the rate of domain wall
motion through the materisl (which in turn determines
the rate of change of flux), ard faster moticn produces
greater losses and hence greater exciting current.
llote that in presenting I~ locps in the literature
the implication is that the increased width between
trhe A0 ané LOC Ez loop is due to the increased
frequency, where in reality it is the increased volt-
age applied <o the core to drive it from + to -
saturaticn at LOZ Hz that causes the change. This
voltage sensitive term is one of the main causes of
errors in high performance transductors.

Aprilying the core medel to the single ccre trans-
ductor it is seen that with the a_ternating voltage
reduced tc zero the load current is always less than
the current source by the exciting current. With
veltage applied in the first half cycle of Fig. 2, the
load cwrrent is the sum of the current source and the
exciting current. OCn the second half cycle the core
voltage is reversed and the exciting current is
subtracted. ote that the core voltage magnitude is
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greater on the second half cycle and the exciting
current will be correspondingly different.

The single core transductor makes a bipolar moni-
toring device approaching 0.01% when used in conjunc-
tion with a sample-and-hold circuit. The only con-
straint is that the transductor output can only be
sampled at the zero crossing of the core voltage
between the first and second half cycle of Fig. 2. At
the time of the zero crossing the exciting current is
very close to zero while moving from above to below
the measured current, ard with Supermealloy snd greater
than 1000 turns the exciting current is already less
than 0.1% of the maximum current.

Multi~Core Transductors

The correct basis for comparison between the
series and parallel connected multi-core circuits are
shown in Fig. 5 and 6 (Waveshapes - Fig, 7 and 8).
Both of these circults provide an output current
which is continuously coupled to the current bus with
a superimposed magretizing current cycling above and
below the correct vsalue.

The parallel connected circuit has two halves
which are identical in their operation to the single
core circuit already studied. The two halves drive a
commen output resistor with the result that during the
time when one side is saturated and uncoupled the other
side is doing the job. As a result the magnetizing
current only dips below the reflected bus current for
a short period at the transition from one half cycle
to the next,

This parallel-connected circuit is identicsl to
the Bridge Magnetic Amplifier circuit, except of course,
that the transductor is driven from a current source
rather than a veltage source. As the source impedance
is raised from zero ohms, the mode sequence of cpera-
tion trensitions when N2Z, >>Ry. The circuit goes
from the time quantized operation of the meg-amp with
its time-delayed, phased-back, aversge controlled
output, to the continucusly counled mode of the trans—
ductor. It is alsc a transition from a device with
power amplificetion and carrier-limited type bandwidth
to one with no power gein but very wide bandwid:h.

The Hingorani circuit? is the same basic device
with a diagramatic interchange of diodes 1 and 2 with
cores 1 and 2. Then only one resistor is added across
the twc dicdes DI and D2 to prevent saturetion at zerc
primary current rather than 2 resistors as in Fig. S.
Additionally, a zener dicde is placed in series with
the load resistor to assure that with no primary
current flowing the volt-seconds seern by a core will
be less on the half-cycle when it is coupled to the
load tkan on the half-cycle when it is not. By this
means when the core goes slightly into saturation at
the end of a half-cycle because of unbslanced volt-
seconds, it will occur through the auxiliary recistors
and not the lcad resistor R,.

At first glance it dces not eppear that the three-
cere series circuit could be economically compared to
the two ccre parallel circuit. Because of the series-—
oppcsed rnature of the series circuit, only one core at
a time is coupled to the primary. During the 180°
coupled period the core is driven out of saturaticn
down to some point on the active vortion of the B-H
loor and then back up into saturaticn with equal voli-
seconds of the opposite polarity. The sine wave from
/2 te 37/2 supplies the varying polaritv voltage, with
maximun volt-seconds of a 1/k reriod at zero current;
whereas in the parallel circuit each core sees & full
period sire wave, with a maximum voit-seconds of a 1/2



period. As a result tke series circuit cores need only
half the core-azrea of those of the parellel circuit,
~he decrease in cost covering the addition of the third
core. As the direct current increases, the point of
maximum flux excursion advances in time due to the
addition and subtraction of the load voltage from the
alternating supply voltage (the parallel ecircuit
operates similarly as shown in their respective
disgrams). But where in the parallel circuit the

end points c¢f a cycle of core operation move toward
each other with increasing direct current (and ultimese-
1y determine the maximum range), in the series circuit
each core must elways couple for 180°, so the end

point of a core cycle both advance along the sine wave.

A square wave of current flows through the series
cores as they alternately ccuple and must be rectified
with a corresponding loss of coupling during the trans-
itior from cne polarity current to the other. Here
the third core operates in exactly the same way as in
the single-core transductor circuit with no alternat-
ing supply voltage in the cilrcuit. It is connected
directly across the loasd resistor through the bridge
rectifier and the resistive and diode drops determine
how far the core comes out of saturation before one
of the series cores is again coupled and takes over
operation. With the addition of 2 extre turns con the
third core it is reset back into saturation during
the first part of the next cycle of cores 1 and 2
operation. The added turns on core 3 cause it to be
excited earlier than the upper twe cores frem the
alternating source; after being reset to saturation
its secondary current is determined ty the current
previded by ore of the upper two cores.

The parellel transductcr has received the most
attention in recent literature throu%h the careful
work of Brentford Electric Limited®’*. There Mr.
tlichael G. J. Fry and his associates have taken the
Hingoranl circult and with careful attenticn to
detail have developed a package which is basically a
0.C01% device over ncrmal overating cornditions. They
have done an excellent Job of providing a heater and
temperature regulator to maintain the thermal
envirorment, a constant voltage transformer with a
freguency coefficient matched to each transductor,
and,cf course, & highly stable load resistor. Mr.
Try's most recent development work, reported cn at th
last Megnet Ccnference“, senses the maximum flux ex-
cursiorn away from saturation in eech of the ccres by
an integrator ard sample-and-hold circuit; compares
this with a reference and adds in a correction to zthe
alternating supply voltage. Higher corder harrmonics
in the supply voltage are alsoc sersed and cancelled
current clirculs through the
winding capacitance.
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Tke series circuit described was develcoped at
the Lawrence Zerkeley Laboratory bty Alfred Windsor
TERTS 3nos. The design alsc incorrporates = fourth core
counled to the tus in the circuit shown in Fig. 9.
is cireuit replaces the losd resistor of Fig. € and
nets as a low-pass filter to freguencies contained in
“re current signal (coming from the three cores)
tecause ¥ the substantial self-inductance of the
Yurermalloy fourth core in series with the load resist-
or, ani shunt capacitor path. Thus bcth the real
hirh freguency information and the unwanted magnetizing
current waveshape are filtered out. But the coupled
fourtn core alsc acts as an alternating current
transforrer, with balanced direct rurrent-turns
rrimary and secondary, and thereby restores the
desired frequency information from the bus. The
resistor in series with the capacitcr is a compromise
to achieve resscnnkle larre- nal response without
naving the fourth core move into caturation transiently
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due to capacitor charging current, with the correspond—
ing appearance of magnetizing current in the output.
The resistor unfortunately also reduces the filtering
action on the magnetizing current waveshape. Trans-
ductors of this type with a regulated supply voltage
and no resistor in series with the caracitor are being
used at 0.001% error in steady-state cperation in
regulated supplies at LASL.

Mr. Fry of Brenifcrd has proposed an alternative
to the filter scheme Just described®. In the circuit
three wide-~band amplifiers are employed, one of some
power capability to drive a winding on a third core
coupled tc the bus, with a signal from the transductor
output resistor (containing the magnetizing components).
4 second amplifier senses the error compared to the
bus current from a second winding, and drives a third
vinding to minimize the error. This driving signal is
ac coupled into a summing amplifier along with
the original output voltage for cancellation of the
unvanted magnetizing compcnent.

A major source of linearity and repeatability
errors in both the described circuits is due to the
sensitivity of the magnetizing current to the core
voltage (which was described under core characteristics)
Increasing direct current and resistive drop in the
circuit causes an increasing difference to exist be-
tween the decreased voltage driving the core out of
saturation and the increased voltage returning it to
saturation. The magnetizing current during these
pericds varies accordingly. In the varallel circuit
each core is coupled to the load Guring the half-ecycle
when the magnetizing current is added to the reflected
current, except for a shert period at the crossover
between half-cycles. Therefore, there is a positive
error which decreases with increased direct current.

In the series circuit the magnetizing current arpeers

in the output both sbove and below the reflected current,
and therefcre some carcellation occurs in the average
error.

Temperature affects repeatibility in two ways:
the first being the direct effect on the magnetization
current. Here again the parallel circuit is mcre
affected because of the partial cancellation afforded
by the series circuit. The second effect is through
the variation of the resistance of the copper windings
with temperature and the corresponding change ir tte
core voltage and hence the exciting currert. Supply
voliage variations similarily affect the ragnetizing
current.

The Feedback Transductor

Having decided to submit this transductcr paper
te the conference committee last August, the rossitilisty
of a new apprcach to previding continucus coupling
between & primary direct current source znd a secondary
lond was of interest to me. Anvone whe kas excited
a winding on a core frecm a Variac and chserved the
waveform cf the associated magnetizing current is
aware cf the symmetry of the flux excursiors abcut the
center of the B-H loop. Any tendency toward saturation
at one end of the B-H charecteristic is centeracted by
a diminished voltage of that polarity due to the dc and
even harmcnic current flowing through he scurce
imredance.

If a core could be kept cveling symmetrically
around the E-H loop in the atove fashion and never
saturate there would always bde coupling “rom primary
to secondary. Fut with an uncertrolled scurce of
alterrating voltage, direct current flowing through
resistive drops unbalances the ccre voltage and
saturation occurs. The sclution is to previde an
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active voltage source which senses the core voltage
only (no resistive drop) by an auxiliary winding on

the core, compares it through a high resistance to an
alternating reference, and maintains it by closed-loop
action. Such a system is shown in Fig. 10. As direct
current is introduced in the primary and coupled to

the secondary, the flux excursions move away from the
center of the B-H characteristic due to the IR voltage
drop. The second harmonic content of the magnetizing
current on top of the direct current is sensed end a

de correcting signal spplied through the same closed-
loop amplifier, keeping the amplifier ocutput approx-
imately "in step" with tre ac and dec requirements.
Because the alternating voltage now has to be only
large enough to provide coupling between primary and
secondary and is not related to the resistive drop

as in previous transductors, the normal excursion about
the cernter of the B-H loop can be an arbitrary part of
the available core capacity. The remainder of the B-H
loop is then available to handle the vcltage transients
caused by changes in current before the second-harmonic
loop restores equilibrium. The reflected voltage in
the primery is also proportionately reduced.

The vpreduction of even-harmonics as a non-linear
core material is biased off-center by a direct current
nas been kncwn as a useful, "polarity-sensitive means
of detection for many years. Current monitors employ-
ing this technique utilize an amplifier sensing the
second-harmonic term to drive an auxiliary winding to
amp-turn balance with the bus current being measured.
The output of the amplifier at null is then proportion-
al to the bus current, with the bandwidth somewhat
less than half the carrier frequency. In the new
Teedback Transductor the second harmenic is being used
as a feedback term to keepr the voltage loop in balance;
the output voltage itself is taken directly from a
resistor in series with the secondary winding and thus
is wideband and not directly related to the second-
harmonic frequency. The combinaticn of the available
excess core capacity and the second-karmonic detector
tandwidth determine the large signal transient and
slewing rate capability of the device, the limit being
where the core saturates because the loops cannot keep
up. TFor instance, if the core previously used for
the single core transductor is now driven with an
alternating wave to only 10% of its capacity, the syst-
ern could hendle a LO¥ Imyy step without saturating.
With the reference frequency now arbitrary this range
could be increased %o 1C0% with & modest freguency
change. The secend harmonic loop also removes any
offsets caused by &c drift in the system.

In addition to substituting active, integrated
circuit devices for cores and providing bipolar oper-
ation, the Feedback Transductor will be immune to supnly
voltage induced variations. By cycling arcund a minor
loop about the center of the B-H characteristic in
steady state, the megnetizing current is reduced and
is symmetrical with a zero average. With the variation
in time mrnd megnitude gcne &s a function of direct
current level, it is possible %o cancel the magnetizing
current waveshape using a current source frcm the

reference summed-in to either a buffer armplifier in a
monitor, or the loop amplifier in a current regulator.
Tre series element from the reference would be eithrer
a resistor or a small (1" diameter) core cycling esbout
the same part of the B~-H loopn. The cores must be
reasonably shielded from external magnetic fields.

Conclusion

As greater demands are placed on the transductor
in terms of repeatability, linearity, range, bandwidih
(both large and small signal), and immunity *o environ-
mental effects, the traditional multi-cored device is
hard-pressed to strike a compromise between the varicus
requirements. A new apprcach is required which
utilizes the basic concept of maintaining coupling
between primary and secondary by cyveling around the
B-EH loop with a controlled core voltage. The Feedback-
Transductor frees the device from the traditional
constraints while imposing new cnes in the realm of
feedback theory.
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Fig. % - Parsllel Transductor

Tco= Heo lc e=Nfi$ Q
N at I AN
L d , es
G:(HC_HCO)IC F:(H|+H2)IC |
2,.dB N2 )
N<A¢ at 2 Ac Bs . . _
Fig. L - B-H Loops & Linearization n
2 [] é
E% Ry €L

Fig. 6 - Series Transductor

|
CORE VOLTAGE SHADED

(EQUAL AREAS
N1 AR
o IR NN
VOLTS N }/ N
{ N
+¢s —

FLUX~ L N~
[— asen- TDC e PP
© T sec __j[— “\\..
N k1 2

ILE'J’//’J‘; E/,/’

Fig. 7 - Parallel Transductor Waveskapes Fig. & - Ceries Transductor Waveshapes

I l ’ +
Ru=®
- L ]
R e
- SECOND
- HARMONIC|
DETECTOR|
)
Figp. ¥ - fdditicnal CQre Filter

{(replaces Fj

L7

Fip. 10 - Feedback ‘ransductor

364



