A Wide-Band Active Current Transformer and Shunt
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Abstract—An active current transformer and shunt with high
accuracy and wide frequency range is described in this paper.
The new transformer which uses two three-stage core trans-
formers with two two-stage feedback amplifiers can be used in
the audio frequency band. It has a wide range of current ratio
(0.01-1) and can dissipate 10 W in the externai burden. If the
external barden of the transformer is an ac standard resistor,
it becomes an ac current to voltage transducer that can be used
in many electrical measurements. The relative uncertainty (3g)
in the current ratio of the new transformer is between (1 + j1)
ppm to (8 -+ j8) ppm over the frequency range from 40 Hz to

10 kHz.

1. InTRODUCTION

T is well known that the low frequency error (v) of a

transformer is caused by intemal burden error (vg).
produced by the stray capacitance and the series copper
winding resistance. and the external burden error (yme ).
Therefore, the low frequency error is approximately

Y= Ymi T Ymo- ll)

Usually. to reduce ~,,, multi-core technigues have been
adopted to constitute a multi-stage transformer. There are
a number of methods to reduce ~,,, [1]. These can be di-
vided gemerally into a passive method and an actve
method. In the passive method, an additional current
transformer, T, is used to produce an out-of-phase volt-
age. which offsets the burden voltage across Z;, as shown
in Fig. 1. Because the circuitry in Fig. 1 is passive. tais
method of compensating the transformer is very stabie.
However, in usage and calibration. the out-of-phase volt-
age produced across impedance Z, often needs to be ad-
justed so that the voltage across winding N, becomes zero.
Therefore, the process of maintaining the performance of
the transformer by the passive method is complicated and
lime Consuming.

In the active method, the output voltage of an amplifier
is used to offset the voltage of the burden [2], [3]. The
main characteristics of this method are given below:

1. This method involves simple circuitry, lightweight
and low cost.

2. The voltage of the burden can be offéet autcmau-
cally by the output voltage of the amplifier without any
adjusiment.
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Fie 1. Two-siage transformer with an additional current transtormer, 7,
used to reduce the burden.

3. Unwanted oscillations may occur if the amptifier
circuir is not properly designed.

4. Low freguency errors due to dc drift in the amplifier
output cannot be easily controlied.

Probiems in the iatter two characteristics have been
solved in the new active transformer inwoduced in this
paper. The circuitry and parameters of this new trans-
former are designed so that it is not only stable (i.e.. no
ascillations) but also has very smail dc drift. Also, the
error in the current ratic caused by temperature change is
essentially negligible over a wide temperature range (0°-
35°Q).

II. THE N=w ACTIVE TRANSFORMER

The new active ransformer is composad of two similar
decade transformers. Each decade transfermer is itself an
active transformer, which consists of a passive trans-
former and a voltage follower, as shown in Fig. 2. In this
passive transformer, a three-stage core has been used to
reduce the low-frequency error caused by internal burden
error (yn;), and a magnetic shield (not shown in Fig. 2)
has been used 10 reduce the leakage flux. The voltage fol-
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Fig. 2. The decade transformer circuit.

lower (A4) is a two-stage feedback amplifier (see Appendix
T, for details). It has high input impedance (> 100 MQ)
and very small de drift (abour | ¥V /°C and 10 uV /year).
3ecause the main component of the burden current /y is
supplied by winding N,, the voltage follower is only re-
quired to suppiy the magnetizing and loss current com-
ponents.

The complete circuit of the new active transformer is
shown in Fig. 3. The first decade transformer is composed
of three cores (T, T5, T3), three windings (¥, Ny», V1),
and a voltage fotlower (4). The second decade trans-
former is also composed of three cores (T, Ts. T5), thres
windings (Vsy, Msa, Va3), and a voltage follower (4). The
rated burden current /; of the transformer s 0.1 A (rms).
The rated input current {;, has arange of 0.1 Ato 1 A for
the first decade transformer and 1 A to 10 A for the second
decade transformer. The total current ratio of the active
ransformer can be expressed by

K = (K)(K) (2)

where K|, £, = 0.1, 0.2, - - -, 0.9, 1. S0 that the range
of the current ratio is 0.01 1.00. To avoid unwanted
low frequency oscillations, the precaution is to properly

increase thé dc resistance in the circuits of windings Ny,,

N1, Maa, and N, independently.

III. T Low-FrREQUENCY ERROR OF THE ACTIVE
TRANSFORMER
Analyzing the low frequency errors in the circuit of Fig.
2, the burden current is -

L=1 +hL+1 3)

where I}, I,, and [5 are the output currents of the three
windings N, N,, and &,, respectively. Since

Ny = Ny = A 4)
and the main component of the low frequency error is

caused by the magnetizing and loss currents, the three
winding currents can be expressed as

v
=52 = Ly

N,
[?. = Iml - [ml (3
13 = fm2 - -[mi

where [, I3, and [,; are the magnetizing and loss (er-
ror) currents of the three windings &,, ., and V;, re-
spectively, and /,, is the input current applied to the trans-
former. Equations (3) and {5) combine to give

Iy = Nﬂl {1 + - (6)
0 - IV[ in T
and
Nl ‘Tm.‘a
;= o — —= 7
! [an ]in ( )

where v is the low frequency error of the transformer.
The first stage equivalent circuit of the transformer is

shown in Fig. 4 (the equivalent circuits for the second and

third stages can be similarly represented). From these
equivalent circuits, neglecting second-order terms, we
cbtain

oy i _Zi B D
Il In‘vm Zml . Zml fmi Z'nl
bzl (8)
[ml Zrnl Zmz ng

I3 Zsy N Yalos . v Lo

TS ST T Yas T

[mZ Zm3 Zm3 Zm3

where v, is the error of the voltage follower A. Z;,, Z;,
and Z,; are the internal burdens of the three windings;
Z\, Z., and Z,, are the eguivalent magnetizing imped-
ances of the three windings; Z, is the external burden, and
aZyz and v 4 Zyy are the equivalent external burdens seen
by windings N, and N3, respectively; and vq, vm, and
Ym3 are the low frequency errors caused by the internal
burdens of the three windings &,, M., and 5. In the three-
stage design, error currents /o, and /,; are compensated
by L5 and /;. The remaining error current, [3, is given by

N:n Z 7 2
[m3 = —= ['m Ymi- T E (’sz + KAZ‘TJ
Ny Znj Zm
“{AZm)
s o) 9
< ’ Zm3 ( )
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Fig, 3. The compiete circuit of the active ransformer,
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Fig. 4. Eguivalent circuit of the transformer,

Assuming the following approximations:

[ Yml = Ym2 = ¥my = Ym  (magnetizing error)
Ya << Ym
oy = 2o = Zos = 2 {magnetizing impedances)
{
I
| Zp = DTZO =27, (ses Appendix)
i Z .
kZOE = *%é == (see Appendix), 10
3 Fm
and combining (7), (9), and (10) we obtain
: . Zy Zy
v = —<"f3m + Ym¥a T Ym¥a + YA + vfnz—m_+ Ty
- Zy | vag
+ =+ =,
Ta¥az I (11)

At low freqguency. the iollowing values are easily
achteved:

v < 0.3%
< 0.001% (12)

< 53%.

SR EN IR

N
Thus.

ZO Zﬂ\) (13)

/
[ i =2 + vy oo
\‘.'mzm ‘YAZm

Therefore, it is possible to obtain z low frequency error
of the shunt in Fig. 2 (and, therefore, in Fig. 3) of abowt

1 ppm.

IV. CariBraTION [4]

The new active transformer has been calibrated by an
absolute method such as the bootstrap method using the
IVD. T, is the transformer to be calibrated, 7;is the boot-
strap transformer, [, is a stable current source produced
by a current transformer with a nominal turns ratio of 0.1,
and A7 is the output current of a ratio error set. Based on
this calibration relative uncertainties (3¢) of the new ac-
tive transformer are found to be as follows:

I. Whenthecurrent ratio X = 0.1to 1 (;, = 0.1 Ato
TAandZ, = 10D

v < (1 +jl1) ppm {40 Hz — 1 kHz)



e
Ie

Fig. 5. Schematic circuit for calibrating the transformer.

and
v < {1 = j1) ppm o (8 + j8) ppm
(1 kxHz — 10 kHz).

2. When K =001w01{,=1Atcl0AandZ, =
10D

v < (3 +3)yppm (40 Hz — 1 kHz)

and _
v < (3 + j3) ppm 1o (8 + j8) ppm
i1 kHz — 10 kHz).

The temperature coefficient of the current ratio of the new
active inductive shunt is less than 0.1 ppm/°C (not in-
cluding the temperature coefficient of Z;).

V. CoNCLUSION

The new active transformer described in this paper can
'z used in the frequency range of 40 Hz to 10 kHz. The
czied current ratio is 0.01 to 1. The relative uncerainty
(3a) of the current ratio is (1 + j1) ppm to (8 + j8) ppm
aver the frequency band of 40 Hz - 10 kHz. The external
burden referred to in this paper is a 16-Q ac resistor that
can be transformed to an equivalent 0.1-Q resistor to pro-
duce an audio-frequency current-to-voltage transducer. It
should be noted that the burden could also be reactive in
order to produce quadrature or complex current-to-volt-
:ge relationships.

APPENDIX [

A detaifed circuit diagram of the two-stage voitage fol-
lower (4) is shown in Fig. 6, where A, is the first stage
amplifier that drives the common of 4, (point V), and 4,
is the second stage amplifier that corrects for the remain-
ing difference between V and V;,. Amplifiers 45 and 4
provide the dc power required for 4,. If the open-loop
2ains of 4, and 4, are GG, and Gs, respectively, the output

voltage of A can be represented by

(14}

j = Vall —va)
/

where

(13}

AppEnDix II

Denvation of the fourth and fifth equations in (i0).
(A) Because

faZy
Ly = —
a2 2
I(_] = [[
12 = [mi
and
fml Zmi
Therefore
Loy = {—l-é S % (16)
ml a
Ymi T 7,
and
Zy = Zn = Zn a7

{B) By similar reasoning as in 2{A) above

7 :%=ﬁ=@<ﬁ>
A A AV

From (16} and (17)

[ml Zm
ZJ3 = T Zm = .
[z A Yaln
fmZ ng_
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Fig. 6. Detailed circuit dizgram of the two-siage voltage foliower.

Since
Yalo
Z s << Ym32
therefore
Z Z
203 = = = m.
Ym2 Tm
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