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CURRENT TRANSFORMER WITH ACTIVE LOAD
TERMINATION

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifi-
cation; matter printed in italics indicates the additions
made by reissue.

This is a continuation of application Ser. No.
262,643, filed June 14, 1972, now abandoned.

BACKGROUND OF THE INVENTION

The subject invention pertains, in general, to 1m-
provements in instrument transformer performance;
and, more particularly, to the combination of a transre-
sistance amplifier with a current transformer for the
purpose of terminating the current transformer with an
active load element which virtually short-circuits the
transformer while providing an output voltage which 1s
proportional to the transformer current of interest.

Ideally, an instrument current transformer should
operate with its secondary short-circuited. However,
this would mean that the voltage across the secondary
would be zero and it would not, ordinarily, be possible
for the secondary to supply an output voltage propor-
tional to current in the primary; the voltage output
being required for metering purposes, for example.

SUMMARY OF THE INVENTION

One object of the invention is to enable an instru-
ment current transformer to be operated with an appar-
ent, or virtual, short-circuited secondary while an out-
put voltage, developed in response to its finite secon-
dary current, is supplied; said output voltage being
proportional to the current in the primary winding of
the current transformer.

Another object of the invention is to effect a substan-
tial reduction in required volt-ampere capacities of
instrument transformers.

Briefly, according to the invention, the current-carry-
ing secondary of a transformer is terminated by an
active load element, such as a transresistance amplifier,

which virtually short-circuits the transformer secon-
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dary because of the very low input impedance of the

active load element. Paradoxically, although the secon-
dary is virtually short-circuited its finite secondary
current is employed by the active load element for
developing an output voltage which is proportional to
current in the transformer primary. |

One feature of the invention resides in the employ-
ment of a transresistance amplifier for terminating the
secondary of an instrument current transformer.

Another feature of the invention resides in the em-
ployment of phase-shifting means, such as an inverting
operational amplifier or the equivalent, in conjunction
with a transresistance amplifier so that at least pairs of
output voltages, proportional to primary current, may
be developed; the output voltages being phase-shifted
with respect to each other.

Other objects as well as the various features and
advantages of the invention are set forth hereinafter
where specific illustrative embodiments of the Inven-
tion are described in detail with reference to the ac-

companying drawings.
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THE DRAWINGS

FIG. 1 is a schematic illustration of the invention
showing an instrument current transformer terminated
with a transresistance amplifier.

FIG. 2 is a schematic illustration showing in more
detail the transresistance amplifier shown in FIG. 1.

FIG. 3 is a schematic illustration, similar to the one
shown in FIG. 1, except that the current transformer
has been replaced by an ideal current source.

FIG. 4 is a reproduction of oscillograms showing the
various amplitudes and phase relationships among sec-
ondary current Is, voltage Vs at the input to the transre-
sistance amplifier, and the output voltage Vo of the
transresistance amplifier.

FIG. 5 is a reproduction of an oscillogram showing
amplitude and phase relationships among current If In
a feedback resistance Rf, a voltage Vs at the input of
the transresistance amplifier, and an output voltage Vo
supplied by the transresistance amplifier.

FIG. 6 is another schematic illustration showing a
transistor and additional output coupling transtormer
for supplying an output voltage Vol which is free of any
DC component.

FIG. 7 is a schematic illustration of the transresist-
ance amplifier including transient voltage protection
means; said means also protecting the current trans-
former against becoming open circuited and, in addi-
tion, the diodes 40, 40 maintain a summing point S at
+0.7 volt in the event that amplifier 24 is overdriven.

FIG. 8 is another schematic illustration showing an
inverting operational amplifier coupled to the output of
the transresistance amplifier of FIG. 1; the arrange-
ment being useful for supplying a pair of output volt-
ages which are 180° out of phase with each other.

FIG. 9 is a schematic illustration showing an addi-
tional transistor 38’ and output coupling transformer
32’ coupled to the output of the transresistance ampli-
fier for providing a pair of output voltages which are
180° out of phase.

DESCRIPTION OF PREFERRED EMBODIMENTS

One illustrative embodiment of the invention 1s
shown in the schematic diagram at FIG. 1 whereat a
transresistance amplifier designated, generally, by the
reference number 20 is coupled with the output of an
instrument current transformer which is designated,
generally, by the reference number 22. Generally, the
transresistance amplifier 20 is an amplifier which pro-
vides an output voltage proportional to input current.
In accordance with the invention the transresistance
amplifier 20 serves as an active load for the current
transformer 22. The transresistance amplifier 20 pre-
sents a very low input impedance to the output of the
current transformer 22 so that the secondary of the
current transformer 22 is virtually short circuited.
Thus, the current transformer 22 operates under ideal
conditions (short circuit) while the transresistance
amplifier 22 develops a proportional voltage signal
which may be used for metering purposes, among oth-
ers.

As shown in FIG. 1 the current transformer 22 1n-
cludes a primary winding Wp having Np turns and a
secondary winding Ws of Ns turns; both windings being
magnetically coupled with a core of suitable magnetic
material. As indicated, the primary winding Wp is 1n
series with a conductor carrying a current Ip. The sec-
ondary winding Ws carries a current Is. For the current
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transformer 22 the relationships among Ip, Is, Np and
Ns are as follows:

K = Ns/Np (equation
1)
Is = Ip/K (equation
2)

The transresistance amplifier 20 is comprised of an
operational amplifier 24. In FIG. 1 the operational
amplifier 24 is provided with two input terminals which
are designated with — and + signs. The — terminal is an
Inverting input terminal and the + terminal is a non-
Inverting input terminal. In addition, the operational
amplifier 24 is provided with an output terminal 26.
Also, as shown in FIG. 1, a feedback resistor Rf is
connected in parallel with the operational amplifier 24
between a summing point S and a junction point M.
The junction point M is located at a common potential
with the output terminal 26 and the summing point S is
at the same potential as the inverting input terminal (—)
of the operational amplifier 24. Also, as shown in FIG.
1 the non-inverting input terminal (+) of the opera-
tional amplifier 24 is connected to junction point G
which is at the same potential as another output termi-
nal 28 of the transresistance amplifier 20.

The transresistance amplifier 20 is illustrated in more
specific detail in FIG. 2. In the illustrative example in
FIG. 2 operational amplifier 24 is identified as the high
performance operational amplifier wA741 manufac-
tured by Fairchild Semiconductor, a division of Fair-
child Camera and Instrument Corporation, 313 Fair-
child Drive, Mountain View, California. The Fairchild
operational amplifier wA741 is an integrated circuit
device and a connection diagram (top view) therefor is
shown in FIG. 2. The numbers shown in parenthesis
such as (1), (2), ... (8) identify the actual pin connec-
tions on the Fairchild uA741 operational amplifier;
1.e., the operational amplifier also identified herein by
the reference number 24 in FIGS. 1, 2 and elsewhere.
As indicated in FIG. 2, a DC voltage source (15 volts)
Vee 18 connected between the pin (4) and a junction
point which is at a common potential with the junction
point G. Also, as indicated in FIG. 2 another DC volt-

age source (15 volts) Vcc is connected between the pin
(7) and a reference junction point common to the
junction point GG. The voltage sources Vee and Vcc are
onnected to the pins (4) and (7) such that pin (4) is at
—135 volts and the pin (7) is at +15 volts. Also as indi-
sated 1n FIG. 2, a potentiometer P is connected be-
ween the pms (1) and (5). The potentiometer P in-
‘ludes a voltage selecting slider which is connected to
he pin (4) which is at a potential of —15 volts. The
otentiometer P has a rating of 10K ohms. The slider
n the potentiometer P is adjustable for the purpose of

yroviding appropriate offset nulling voltages for the
yperational amplifier 24.

The operating principal involved is discussed herein-
fter with reference to FIGS. 1 and 3. In FIG. 3, for
urposes of analysis, the current transformer 22 of FIG.
-1s replaced by an ideal current source which, as indi-
ated, provides a current Is = Ip/K (equation 2) and a
esistance Rs connected across the ideal current
ource. The resistance Rs represents the AC output
npedance of the current transformer 22. The opera-
ional amplifier 24 has an open loop gain Ao, greater
han 10*. The transresistance amplifier 20 has a very
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4

low input resistance Ri and it may be expressed by the
following approximation: |

Ri = Rf/Ao (equation

3)

In more general terms, the transresistance amplifier
20 has a very low input impedance Zi which may be
expressed by the following approximation:

Zt = ZffAo (equation

3a)

where Zf represents a feedback impedance connected
between points S and M.

In particular example shown FIGS. 1 and 3 the input
resistance Ri1 is less than 0.5 ohm. This represents a
virtual short circuit across the secondary winding Ws of
the current transformer 22. As a result, the summing
point S is virtually at ground potential. In other words,
the summing point S is at substantially the same poten-
tial as the junction point G; the voltage between the
points § and G being substantially zero. In effect, the
secondary winding Ws of the current transformer 22
“sees’ a short circuit across summing point S and junc-
tion point G. Thus, the summing point S conducts no
current to junction point G (ground). Instead the cur-
rent Is from the secondary winding Ws leaves the sum-
ming point S and passes through the feedback resistor
Rf. Thus, there appears at the junction M and the out-
put terminal 26 the output voltage Vo which is defined

dS:
Vo= —1Is Rf (equation
4)
Using equation 2 and substituting:
Vo= —1Ip RF/K (equation

5)

The negative sign (—) appears in equations 4 and 5
because Vo is inverted 180° in phase with respect to Is
and If. This phase inversion is illustrated clearly in the
waveforms shown in FIGS. 4 and 5. As indicated in
FIGS. 1 and 3 substantially all of the current Is from the
secondary winging Ws enters the summing point S and
exits therefrom to pass as the current designated If

through the feedback resistance Rf so that:

If=1ls (equation
6)
Therefore, equation 4 may be rewritten as:
Vo= —Is Rf = — If Rf (equation
4a)

In addition, the output resistance Ro’ of the amplifier
may be expressed as

Ro’ = Ro/Ao {equation

7)

where Ro is the open-loop output resistance (approxi-
mately 100 ohms) of amplifier 24; i.e., the output resis-
tance measured where Rf is disconnected. Equation 7
can be stated in broader terms as

zo' = Zof/Ao (equation

Ta)

where Zo is the open-loop output impedance, corre-
sponding to Ro, and Zo' is the output impedance, cor-
responding to Ro’.
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The following example will serve to illustrate some
important aspects of the subject invention: where Rf =
2000 ohms and If =1s = 5 milliamperes, Vo= 10 volts
according to equation 4a. By coupling the secondary
winding Ws of the current transformer 22 to the input

of the transresistance amplifier 20, as indicated In

FIGS. 1, 2 and 3, it is possible to greatly reduce the size
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is.-invéﬂéd 180° with respect to the output voltage Vo
which appears between the output terminal 26 and the
junction point G or 28’ of the transresistance amplifier

Still. another method of obtaining a 180° phase shift is

" shown in FIG. 9 where a transformer 32’ and transistor

and the cost of the current transformer. This consider-

able reduction occurs because of a considerable reduc-.

tion in the volt-ampere rating of the transformer. If, for
example, the transresistance amplifier 20 was not em-
ployed, the secondary winding Ws of the current trans-
former 22 would have to carry a current Is = | ampere
to produce an output voltage Vo = 10 volts across a 10

ohm load resistance connected across the secondary

winding Ws. However, by using the -transresistance
amplifier 20 the volt-ampere product of current trans-
former 22 is about 10,000 times smaller than the volt-
ampere product of the current transformer if used
alone, without the transresistance amplifier 20. Be-
cause the current transformer 22 is virtually short-cir-
cuited the power transformed to its secondary is re-
duced. Since the transformer 22 operates under a vir-
tual short circuit the only power required is that power
needed to sustain the copper and iron-losses. . -
In FIGS. 4 and § time-varying waveforms {oscillo-
grams) of Is, If, Vs and Vo are illustrated; Vs being the
voltage measured at the summing point S. For Rf =
2000 ohms, the waveforms, or oscillograms, at FIGS. 4
and 5 show that the feedback current If and the secon-
dary current Is in the secondary winding Ws of the
current transformer 22 was measured at 5 milliam-
peres. The voltage Vs is practically zero, (less 1 milli-
volt) indicating virtual short circuit condition. The
output voltage Vo was measured to be 10 volts (peak).
As shown, the output voltage Vo is symmetrical with
the zero-line in FIGS. 4 and §; i.e., Vo does not contain
any significant DC component. At Vo = 10 volts, for
example, a 0.1 millivolt DC offset voltage will produce
an error of only 0.001 percent. However, with the Fair-
child uA741 amplifier, offset voltage compensation
“capability is provided. Another way of obtaining an
output voltage Vol, free from any DC component, is
shown at FIG. 6 where a transistor 38 and output cou-
pling transformers 32 having a 1:1 turns ratio is pro-
vided.
lllustrated at FIG. 7 is a way of protecting the ampli-
fier 24 from transient over voltages by connecting a
pair of oppositely poled Si diodes 40 in parallel with the
input to the amplifier. By this arrangement the voltage
between the points, or nodes, S and G cannot exceed
+10.7 volt, for example. The oppositely poled Si diodes
also serve as protection for the operational amplifier 24
if it is overdriven. In this case, the summing point S 1s
no longer at virtually zero potential. In addition, the
diodes serve as protection for the current transformer if
the operational amplifier is accidentally disconnected.
In certain applications it may be necessary, or desir-
able, to provide multiple output voltage signals, like the
output voltages Vo and Vol which are shifted in phase
by 180° FIGS. 8 and 9 show two different ways of
accomplishing this. |
Another method of obtaining a phase-inverted out-
put voltage Vo' is illustrated in FIG. 8 where an invert-
ing operational amplifier 40 is resistance-coupled by
means of a resistor R1 to the output of the transresist-
ance amplifier 20. Thus, between the output terminals
26' and 28’ there appears the output voltage Vo' which
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38’ are employed. The circuit shown in FIG. 9 is similar
to that shown in FIG. 6, except that the transformer 32’
has a center-tapped secondary winding where two volt-
age output signals Vo and Vo' are supplied. The volt-
age output signals Vo and Vo' are 180" out of phase.

While specific embodiments of the invention have
been illustrated and described in detail to illustrate the
invention, it is to be understood that the invention may
be otherwise embodied without departing from the
spirit and scope of the invention which is hereinafter
set forth in the claims.

‘What is claimed 1s: |

1. In combination: a current transformer including
primary and secondary windings adapted for conduct-
ing primary and secondary currents, respectively; and,
a transresistance amplifier for terminating said secon-
dary winding and serving as an active load which virtu-
ally short-circuits said secondary winding while supply-
ing an output voltage proportional to the primary cur-
rent, if any[.Jand, means coupled with said transresist-
ance amplifier for supplying in response to said output
voltage another output voltage phase-inverted with re-
spect to said output voltage.

[ 2. The combination according to claim 1 further
comprising means coupled with said transresistance
amplifier for supplying in response to said output volt-
age another output voltage phasc-inverted with respcct
to said output voltage. J |
~ 3. In combination: a current transformer comprising
primary and secondary windings adapted for conduct-
ing primary and secondary currents, respectively; and
an operational amplifier including first and second
input terminal means, output terminal means, and a
feedback resistance connected between said first input
terminal means and said output terminal means, said
operational amplifier having a high open-loop gain and
a low input resistance, measurable between said first
and second input terminal means, said secondary wind-
ing being connected between said first and second
input terminal means and in parallel with said low input
resistance whereby there is no substantial potential
difference between said first and second input termi-
nals even when said secondary winding conducts sec-
ondary current, said operational amplifier supplying,
between said output terminal means and said second
input terminal means, an output voltage proportional
to said primary current.

4. The combination according to claim 3 wherein
said input resistance of said operational amplifier is
defined as:

Ri = Rf/Ao

where Ri is the input resistance, Rf is the magmtude of
said feedback resistance, and Ao is the open-loop gain
of said operational amplifier.

5. The combination according to claim 4 wherein Ri
is not greater than 0.5 ohm.

6. The combination according to claim 3 wherein
said output voltage is defined as:

Vo= —1Is Rf =— Ip Rf/K
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where Vo is the magnitude of the output voltage, Is 1s
the magnitude of the secondary current, Rf is the mag-
mtude of the feedback resistance, Ip i1s the magnitude
>f the primary current, and K = Ns/Np, and Ns and Np
are the number of turns on the secondary and primary
~vindings, respectively.

7. The combination according to claim 3 wherein
;aid output voltage i1s a varying voltage which may
nclude a DC component and said combination accord-
ng to claim 3 is further comprised of means connected
setween said output terminal means and said second
erminal means for translating said output voltage with-
»ut said DC component.

8. The combination according to claim 3 further
romprising inverting operational amplifier means, re-
sponsive to said output voltage, for supplying another
yutput voltage which is phase-inverted 180° with re-
spect to said output voltage.

10

15

9. In combination: a transformer including at least -,

yne secondary winding adapted for conducting secon-
lary current; and, operational amplifier means serving
1s an active load for terminating said secondary wind-
ng in a virtual short circuit while supplying an output

voltage proportional to said secondary current, if 25

any £.3 , said operational amplifier means including
nput and output terminal means and a feedback resis-
ance connected between said input and output terminal

neans, said output voltage being defined as:

Vo= 1Is Rf

where Vo is the output voltage, Is is the secondary cur-
ent, and Rf is the feedback resistance.

[ 10. The combination according to claim 9, wherein
;aid operational amplifier means includes input and
>utput terminal means and a feedback resistance con-
1ected between said input and output terminal means,
;aid output voltage being defined as:

Vo =—1s Rf

vhere Vo is the output voltage, Is i1s the seconday cur-
-ent, and Rf is the feedback resistance. }
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11. The combination according to claim 9 wherein
said output voltage is a varying voltage which may
include a DC component and said combination accord-
ing to claim 9 is further comprised of means coupled
with said operational amplifier means for translating
said output voltage without its DC component.

12. In combination: a current transformer including
primary and secondary windings; a high gain amplifier
including first and second input terminals between
which said secondary winding is connected so that said
amplifier represents a very low impedance connected
across said secondary winding, said amplifier including
an output terminal; and, a feedback impedance con-
nected between said first input terminal and said output
terminal.

13. The combination according to claim 12 wherein
the primary and secondary windings are adapted for
conducting primary and secondary currents, respec-
tively, and the very low impedance of said amplifier
virtually short-circuits said secondary windings so that
no substantial difference of potential exists between
said first and second input terminals while substantially
all of the secondary current is conducted from said first
input terminal through said feedback impedance to
said output terminal so that between said output termi-
nal and said second input terminal there exists a poten-
tial difference substantially equal to the product of the
secondary current and the feedback impedance.

14. The combination according to claim 13 wherein
said potential difference between said output terminal
and said second input terminal is a varying potential
difference which may include DC component and said
combination according to claim 13 is further com-
prised of means connected between said output termi-
nal and said second input terminal for translating said
varying potential difference without its DC component.

[ 15. A current transformer including a current car-
rying primary and a current-carrying secondary, and a
transresistance amplifier terminating said secondary in
a virtual short circuit while said amplifier in response to
the secondary current, supplies an output voltage pro-

portional to primary current. }
%K * ¥k Ok i
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