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Abstract-- This paper describes the design of a compensating
algorithm for an iron-cored measurement current transformer
(CT) that removes the effects of the hysteresis characteristics of
the iron-core. The exciting current resulting from the hysteresis
characteristics of the core causes an error between the primary
current and the secondary current of the CT. The proposed
algorithm decomposes the exciting current into the core loss
current and the magnetizing current and each of them is
estimated. The core loss current is calculated from the secondary
voltage and the voltage-core loss current curve. The core flux
linkage is calculated and then inserted into the flux-current curve
to estimate the magnetizing current. The exciting current at
every sampling interval is obtained by summing the core-loss and
magnetizing currents and then added to the measured current to
compensate the secondary current. The voltage-core loss current
curve and flux-current curves, which are different from the
conventional curves, are derived in this paper. The performance
of the proposed algorithm is validated under various conditions
using EMTP generated data. The experimental test results of an
iron-core type electronic CT, which consists of the iron-core and
the compensation board, are also included. The results indicate
that the proposed algorithm can improve the accuracy of the
measurement CT significantly, and thus reduce the size and the
cost of the CT.

Index Terms-- Compensating algorithm,  Hysteresis
characteristic, Measurement current transformer, hardware
implement

1. INTRODUCTION

A current transformer (CT) should provide the faithful
reproduction of the primary current to the measurement
or protection devices. An iron-core has been used to maximize
the mutual flux linkage between the primary and the
secondary windings. A CT can be divided into the two groups
depending on its applications i.e. a measurement CT and a
protection CT. The former should reproduce the normal
current in the steady state whilst the latter is designed to
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reproduce the large fault current avoiding saturation during
the fault conditions [1].

The measurement CT has an error between the primary and
secondary currents due to the hysteresis characteristics of an
iron-core. Thus, the core with a high permeability and a large
size is necessary to reduce the error. This inevitably results in
increase in the cost and core size.

These days, a Rogowski coil and an optical CT that
eliminate the nonlinear characteristics of the iron-core have
been developed [2]—[5]. The Rogowski coil does not saturate
so that it would measure the large fault current correctly.
However, the Rogowski coil as a measurement CT might have
large errors in measuring a low current due to the weak flux
linkages. On the other hand, the optical CT has the small size,
and nonconductive characteristic. However, it is expensive
because the optical CT has vulnerability against vibrations and
thus additional equipments for reducing vibrations are
required.

Some compensation algorithms to reduce the error of the
measurement CT have been suggested [6]-[8]. In [6], the
exciting current, which is an error of a CT, is estimated and an
additional analogue circuit for supplying the exciting current
is connected to the secondary winding to compensate the
secondary current. However, the hysteresis characteristics of
the core were not considered.

In [7] and [8], compensation algorithms considering the
hysteresis characteristics of the iron-core were proposed in the
time domain. In these methods, the compensated current is
obtained by adding the exciting current estimated from the
hysteresis loop to the measured secondary current. They can
enhance the accuracy of the measurement CT because they
can reduce the effects of the hysteresis characteristics of the
core. However, these methods can have large errors on the
low currents because they are based on the major hysteresis
loop. Thus, they may also cause large errors if the primary
current contains a dc offset and/or some harmonic components.

This paper proposes a compensating algorithm for the
secondary current of a measurement CT that removes the
effects of the hysteresis characteristics of the iron-core. The
proposed algorithm decomposes the exciting current into the
core loss current and the magnetizing current. The former is
calculated from the voltage and the voltage-core loss current
curve (the v-i. curve). The latter is obtained by inserting the
calculated flux linkage into the flux linkage-magnetizing
current curve (the A-i, curve). The exciting current, i.e. the
sum of the core loss current and the magnetizing current, is



added to the measured secondary current to obtain the correct
current. The performance of the proposed algorithm has been
investigated through EMTP simulation. In addition, the test
results of an iron-core type electronic CT (ECT), where the
proposed compensating algorithm is implemented, are also
included.

II. COMPENSATING ALGORITHM FOR A MEASUREMENT CT

In this section, we will describe the proposed algorithm to
improve the accuracy based on the equivalent circuit of an
iron-cored CT.

A. Equivalent Circuit of an Iron-cored CT

Basic principles of an iron-cored CT are the same as those
of a power transformer. Fig. 1 shows the equivalent circuit of
a CT referred to the secondary. The branch currents of the
equivalent circuit represent the primary, the secondary, the
exciting, the magnetizing and the core loss current (i1, iy, iy, i,
and i.), respectively. v, and R, represent the secondary voltage
and the secondary burden. The circuit accounts for nonlinear
hysteresis characteristics. The magnetizing inductance (L,,)
represents the nonlinear relationship between the flux linkage
and the magnetizing current. The core loss resistance (R.)
represents the core loss composed of the eddy current and
hysteresis loss. The exciting current is expressed by:

ip() =i.()+1i, (1) (1)

The exciting current consists of the core loss and
magnetizing currents. Fig. 2 shows that the solid, dotted and
dashed lines are the exciting current, the core loss current and
the magnetizing current, respectively. The primary current is
given by:

0(@) =iy () +1 (1) )

If iy(¢) is estimated and used for compensation of the
secondary current, the error of the iron-cored CT can be
eliminated.

B. A-i,, Curves and v-i. Curves

To obtain the flux linkage-magnetizing current curves and
voltage-core loss current curves, accurate information on the
transformer’s magnetic circuit is required i.e. a functional or
empirical relation should be obtained, linking the core flux to
the exciting current.

In [7] and [8], the compensated current is obtained by
inserting the hysteresis loop (the A-iy curve). However, in this
paper, the exciting current is decomposed into the core loss
current, which is calculated from the voltage and the v-i. curve,
and the magnetizing current, which is obtained by inserting
the calculated flux linkage into the A-i,, curve. The v-i. curve
and the 1-i,, curve can be obtained from measured hysteresis
loops. Fig. 3 shows a measured hysteresis loop at the rated
current relating the exciting current to the flux linkage of the
iron-core. The hysteresis loop is generated by HYSDAT, an
auxiliary program in EMTP.

In Fig. 3, both 4 (iy, 49) and B (i3, 49) represent points on
the hysteresis loop with the same ordinate, 4. Points 4 and B

are on the ascending offshoot and descending offshoot,
respectively. The abscissa of the midpoint M (i,, 4¢) can be
calculated by:

_igtip

- >
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Varying A from 2,,, to 4,4, Which are the minimum and
maximum of the flux linkage in the major hysteresis loop,
respectively, the 1-i,, curve can be obtained by connecting all
midpoints, which is shown as the dashed line in Fig. 3. Note
that the A-i,, curve described in this manner is different from
the conventional magnetization curve in the previous work [9],
which is obtained by connecting the tips in the first quadrant
of a family of hysteresis loops.

As the exciting current #, is the sum of the core loss current
i. and i,, i. at a A can be calculated by subtracting i,, from i,

“4)
Fig. 1. Equivalent circuit of an iron-cored CT.
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Geometrically, i, can be interpreted as the horizontal TABLEII
distance from the edge to the midpoint of the hysteresis loop RESULTS OF CASE STUDY
in Fig. 3. Varying A from 4,; to 4,. along the ascending 1.0C 0.1C Uncompensated | Compensated
offshoot and the descending offshoot obtains the A-i. curve. Case |Current | Phase |Current | Phase |Current | Phase |Current | Phase
However, J-i. curve obtained in this way, i. corresponding to Error | Error | Error | Error | Error | Error | Error | Error

G0 | (min) | Co) | (min) | (%) | min) | () | (min)
Case 1 | £1.0 | +60 | £0.1 | %5 |-149 |30.31 |-0.012|-0.11

each A has two values whilst the 1-i,, curve is the one-to-one
function. Thus, in this paper, the secondary voltage-core loss

current v-i, curve, which is converted from the A-i, curve, is |Case2 | £1.0 | +60 | 0.1 | +5 |-1.71 |33.42 |-0.003|-0.24

used. The voltage corresponding to the flux can be obtained |Case3 | +1.5 | +90 | 02 | +8 | -4.95 [167.98 [-0.021 | —1.85

by the secondary current and the burden of a CT. The v-i.
curve is the one-to-one function as shown in Fig. 4.

Case4 | £3.0 | 180 | 0.4 | +£15 | —6.12 [456.02 |-0.034 | —-1.32
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where A(%,) is an initial flux linkage, which can be obtained by °
the method in [10].
Consequently, the correct current is obtained by summing o5
ipand i, i.e.:
o . . s
h (=i () + (1) (7 2 o
2
III. CASE STUDIES 25
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Hz. Fig. 6. A-i,, curves and v-i. curves.




The measurement CT is modeled using a type-96 element
[11]. The hysteresis characteristic curve is obtained using the
HYSDAT, an auxiliary program in EMTP/ATP. We set the
saturation point of the CT as (0.02 Vs and 2.047 A). The
current ratio is 100/5 A and the burden is modeled with pure
resistance, 12.5 VA (0.5 Q).

Table I shows the limits of the error for the measurement
CT on IEC standard [12]. The performance of the proposed
algorithm was tested and compared with Table I for 120%,
100%, 20% and 5% of the rated current. Fig. 6a and Fig. 6b
shows the A-i,, curves and the v-i, curves for 120%, 100%,
20% and 5% of the rated current. They are obtained using the
same method as explained in II. B from the hysteresis curves
at 120%, 100%, 20% and 5% of the rated current.

1) Case 1: 120% of the rated current

Fig. 7 shows the results for Case 1. Fig. 7a shows the
primary and secondary current, where solid and dashed lines
mean the primary and measured secondary current,
respectively. To see the results clearly, a portion of the Fig. 7a
is expanded. The measured secondary current is significantly
different from the primary current due to the exciting current.
Fig. 7b shows the secondary current i,, the calculated core loss
current i, and the calculated magnetizing current #,. The
compensated primary current is obtained by adding i, and i,, to
i, and shown in Fig. 7c in dotted lines. Comparing the
primary current shown in solid lines and compensated current
in Fig. 7c, the compensated current is very similar as the
primary current. The current error is reduced from —1.49% to
—0.012% and the phase error from 30.31 min to —0.11 min.
Table II shows comparison between uncompensated and
compensated currents. The result for Case 1 indicates the
algorithm can improve the accuracy up to the 0.1C from 1.5C.

2) Case 2: the rated current

As in the previous case, the measured secondary current is
different from the primary current due to the large exciting
current. The current and phase errors of the measured
secondary current are —1.71% and 33.42 min, respectively.
However, the current and phase errors of the compensated
current are —0.003% and —0.24 min, respectively. This result
meets the accuracy for 0.1C.

3) Case 3: 20% of the rated current

In this case, the current error is decreased from —4.95% to
—0.021%. The phase error is decreased from 167.98 min to —
1.85 min. These errors meet the limits of the error of IEC
Standard.

4) Case 4: 5% of the rated current

Fig. 8 shows the results for Case 4. In this case, the current
and phase errors of the measured secondary current exceed the
limits of IEC Standard significantly. The measured secondary
current leads the primary current by 456.02 min and current
error is —6.12%. However, the compensated current is very
similar to the primary current as shown in Fig. 8c. The current
error and phase error are reduced to —0.034% and —1.32 min,
respectively, which meets the IEC standard.

The above results clearly indicate that the algorithm can
improve the accuracy of the measurement CT significantly.
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IV. EXPERIMENTAL TEST ON REAL CT

This section describes a series of the experimental tests for
an iron-core type electronic current transformer (ECT), where
the algorithm implemented. The ECT was tested in the Korea
Electrotechnology Research Institute (KERI), the officially
recognized organ. KERI signs Mutual Recognition
Arrangement of the International Laboratory Accreditation
Cooperation as one of the Korea Laboratory Accreditation
Scheme.

A. Experimental Tests

An iron-core type ECT for 100A of the rated current was
tested. Fig. 9 shows the configuration of the tested ECT. The
ECT consists of an iron-cored CT and a compensation board,
where the proposed algorithm is implemented. The output of
the ECT can be digital or analog. Analogue output signal is
used for test because digital output signal cannot be tested in
Korea yet. The rated delay time is —648 min. A sampling rate
of 64 samples/cycle was used and the first-order low-pass RC
filter with a cutoff frequency of 1,920 Hz was used.

Table III shows the test results for 4 cases, i.e. 120%,
100%, 20% and 5% of the rated current at 60 Hz. The rated
primary current is 100 A. The test results meet the limits of
error for 0.2 C on IEC standard [12].

1) Case 8: 5% of the rated current

Fig. 10 shows the results for Case 8. Fig. 10a shows the
primary and secondary current, where solid and dashed lines
mean the primary and measured secondary current,
respectively. Due to the exciting current the measured
secondary current is significantly different from the primary
current. Fig. 10b shows the secondary current i, the
calculated core loss current i, and the calculated magnetizing
current i,. The compensated primary current is obtained by
adding i, and i, to i, and shown in Fig. 10c in dotted lines.
Comparing the primary current shown in solid lines and
compensated current in Fig. 10c, the compensated current is
very similar as the primary current. The current error is
reduced from —4.44% to 0.26% and the phase error from
35.17 min to -8.47 min. The result for Case 8 indicates the
algorithm can improve the accuracy up to the 0.2C from 2.0C.

The above results clearly indicate that the algorithm can
improve the accuracy of the real measurement CT
significantly. However, due to the errors caused by the noise,
D/A and A/D conversions, the accuracy of compensated error
of the ECT is larger than EMTP simulation results as shown
in Table III. However, the current errors and angle errors meet
the accuracy limits of 0.2C on the IEC standard.

The cost of the CT depends on the permeability and the size
of the core. Table IV shows the production cost and core size
for 100/5A measurement CT in Korea. The size of the iron-
core is larger than that of the Ni core due to the poorer
permeability whilst the price of the iron-core is smaller than
that of the Ni core. In the case of 0.2C Ni core, its size is four
times bigger than the size of 1.0C Ni core. It is possible to
make 1.0C iron-core CT, whereas it is practically impossible
to make 0.2C iron-core due to the too big size.

Fig. 9. Electronic current transformer (ECT).
TABLE III
RESULTS OF TEST
1.0C 0.2C Uncompensated | Compensated
Case |Current | Phase |Current | Phase |Current | Phase |Current | Phase
Error | Error | Error | Error | Error | Error | Error | Error
(%) | (min) | (%) | (min) | (%) | (min) | (%) | (min)
Case5 | £1.0 | £60 | £0.2 | £10 | -1.92 [-24.87 | -0.15 | 0.26
Case6 | £1.0 | £60 | £0.2 | £10 | -2.16 [-27.03 | -0.1 | 0.86
Case7 | £1.5 | £90 |+035 | 15 | -4.74 [-25.67 |0.0013 | -0.67
Case 8 | £3.0 | £180 | +0.75 | £30 | —4.44 | 35.17 | 0.26 |-8.47
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TABLE IV
EXPECTED PRODUCTION COSTS OF CT
Rated Accuracy Expected Core size Burden
voltage class Core value ($) (mm) (VA)

& (IXEXW)
10 Ni 2,700 170<225%80 15

' X 25X ¢
22 9KV Iron 1,000 170X225%350 15
02 Ni 10,200 |170%<225%<330 15
’ Iron — Impossible 15

If we obtain the accuracy of 0.2C using the algorithm for 1.0C
iron-core CT, the size of iron-core CT can be decreased. Thus,
the proposed algorithm can reduce the size and cost of the
measurement CT significantly.

V. CONCLUSIONS

This paper proposes a compensating algorithm for the
secondary current of the measurement CT that removes the
effects of the hysteresis characteristics of the iron-core. The
proposed algorithm decomposes the exciting current into the
magnetizing current and the core loss current. The proposed
algorithm calculates the flux linkage by integrating the
secondary current, and then estimates the magnetizing current
in accordance with the A-i,, curve. The core loss current is
obtained by inserting the voltage into the v-i. curve. The core
loss current and the magnetizing current are added to the
measured secondary current to obtain the correct current.

The performance of the proposed algorithm is investigated
with EMTP generated data. The test results of an ECT, where
the proposed algorithm is implemented in the prototype of the
compensation board, are also included. The results show that
the measured secondary current of the iron-cored CT is
compensated with the magnetizing and core loss current. The
proposed algorithm can reduce both the current errors and the
angle errors of the CT error even in 5% of the rated current, in
which the errors of the CT is significant.

The proposed algorithm can reduce the core size and
improve the accuracy of the measurement CT significantly
and thus make it possible to use the core with low
permeability and small size.
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