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Abstract: This paper presents the evaluation of tested inductive CTs” accuracy for distorted current
harmonics in accordance with the optional accuracy class WB1 introduced by the new edition of the
standard IEC 61869-1 published in the year 2023. The tests were performed in compliance with the
interpretation sheet IEC 61869-2:2012/ISH1:2022. Therefore, the resistive and the resistive-inductive
loads of the secondary winding of tested inductive CTs were used, as this was required for the given
test conditions. The results indicate that the units designed for the transformation of a sinusoidal
current of a frequency of 50 Hz ensure the high wideband transformation accuracy of the distorted
current harmonics, as demanded by the power quality monitoring and distorted electrical power
and energy requirements. The key to this is proper design using modern magnetic material(s) for the
magnetic core and its oversizing in relation to the requirements for a given accuracy class defined
for the transformation of sinusoidal currents with a rated frequency. Both tested inductive CTs with
a rated primary current RMS value equal to 300 A, class 0.2 and 0.5, ensured compliance with the
requirements of the WB1 wideband accuracy class.

Keywords: current transformer; IEC 61869; wideband accuracy; WB class; transformation accuracy;
distorted current; higher harmonics; current error; phase displacement

1. Introduction

Power quality is a critical aspect of modern power systems and determines safe
and efficient operation of the connected electrical equipment and apparatus [1-5]. This
involves RMS value fluctuation, three-phase asymmetry, frequency variation and distortion
of voltage and current. Inductive instrument transformers play a fundamental role in
monitoring power network current and voltage. Inductive current transformers (CTs)
are used in power systems to adjust large currents to an appropriate level for measuring,
protection and control equipment [6-8]. However, their use for the transformation of
distorted currents requires additional tests over a wide frequency range, particularly
concerning the specification of their accuracy for harmonics [5,9-16]. This ensures proper
power measurement and its quality monitoring in the condition of a distorted current
and voltage. The standard IEC 61869-1 in the new version from the year 2023 provides
requirements and guidelines for the evaluation of the optional wideband accuracy classes
for inductive CTs [17]. These requirements are similar to those previously defined in the
standard IEC 61869-6 for low-power instrument transformers [18]. There are five extensions
of the accuracy classes concerning higher harmonics:

WB0—covering harmonics up to and including the 13th harmonic.
WB1l—encompassing harmonic frequencies up to and including 3 kHz.
WB2—including harmonic frequencies up to 20 kHz.

WB3—spanning harmonic frequencies up to 150 kHz.
WB4—applicable for wide-bandwidth applications up to 500 kHz.
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Consequently, the accuracy class of the instrument transformer may be defined, for
example, as 0.5-WBL1.

This paper presents the evaluation of the tested inductive CTs” accuracy for harmonics
of a distorted current in accordance with the optional accuracy class WB1 introduced by
the new edition of the standard IEC 61869-1 [17]. It has been shown that it is not necessary
to use error compensation techniques to obtain high wideband transformation accuracy
for the transformation of a sinusoidal current with a frequency of 50 Hz into low-voltage
inductive CTs manufactured by an international company [12,19-21]. The evaluation of
wideband transformation accuracy was performed for a distorted current composed of a
fundamental component with a frequency of 50 Hz and a series of higher harmonics with
frequencies ranging from 100 Hz to 3 kHz. Furthermore, no significant self-distortion of
the secondary current related to the generation of the low-order higher harmonics resulting
from the nonlinearity of the magnetic core’s magnetization characteristic was detected in
the case of either tested unit [19,22]. Moreover, the tests were performed in accordance
with the interpretation sheet IEC 61869-2:2012/ISH1:2022 [23]. Therefore, the resistive and
the resistive—inductive (with a power factor equal to 0.8) loads of the secondary winding of
the tested inductive CTs were used, as required by the standard IEC 61869-2 due to their
rated apparent power. The main conclusion of this paper is that the inductive CTs designed
for the transformation of sinusoidal currents of 50 Hz frequency ensure the high wideband
transformation accuracy of distorted current harmonics, as demanded by the power quality
monitoring and distorted electrical power and energy requirements [3,4,24-31].

2. Measuring Circuits and Tested CTs

The transformation accuracy of the distorted primary current produced by the tested
window-type inductive CTs was determined with the utilization of the ampere-turn method.
Therefore, an additional primary winding with a number of turns equal to the rated current
ratio was made [32]. In this case, its rated primary current was equal to the rated primary
current of the secondary winding. This method eliminates the necessity of using a high-
current power supply system.

The value of the current error for the hk harmonic could be determined using the
following equation:

Al = 20k~ l1atk 500, )
LiAnk
where Iy is the RMS value of the secondary current hk harmonic of the TCT and Iy is
the RMS value of the current hk harmonic in the additional primary winding of the TCT.

The values of phase displacement for the hk harmonic were determined as the phase
angle between same-order hk harmonics of the distorted currents in the additional primary
winding and in the secondary winding of the TCT. The values of phase displacement were
determined using the following equation:

dPhK = ©2hk — P1hk )

where @11y is the phase angle of the hk harmonics of the distorted current in the addi-
tional primary winding in relation to the reference voltage and @y is the phase angle
of the hk harmonics of the distorted current in the secondary winding in relation to the
reference voltage.

The utilization of the digital power meter (DPM) enabled Fast Fourier Transform (FFT)
to be performed for the measured currents, which allowed the RMS values and phase
angles of their harmonics to be determined. In Figure 1, the measuring circuit used to
determine the values of the current error and phase displacement for the transformation of
distorted current harmonics using the tested CTs is presented.



Energies 2023, 16, 7206

3of11

AWG

()
G

Al - .A—i IT
A2| & - b

'U
=
||=

\\

(b)

Figure 1. The measuring circuit used for the evaluation of the wideband transformation accuracy of
the TCTs for distorted current harmonics: (a) block diagram, (b) photo. DPM—digital power meter,
TCT—tested inductive current transformer, IT—insulation transformer, AWG—arbitrary waveform
generator, PA—power amplifier, Zj —impedance of the load in the secondary winding of TCT,
P1/P2—terminals of the additional primary winding, S1/S2—terminals of the secondary winding.

The TCTs were supplied with a distorted current composed of a fundamental com-
ponent with a frequency of 50 Hz and a series of higher harmonics with a frequency
ranging from 100 Hz to 3 kHz. The percentage value of each higher harmonic was equal
to 5%. The accuracy tests were performed for 100% and 25% of the rated load of the
TCT’s secondary winding. In the case of the CT with a rated load equal to 2.5 VA, the
lowest value of the load was equal to 1 VA, in accordance with the interpretation sheet
IEC 61869-2:2012 /ISH1:2022 [23]. Moreover, if the load of the secondary winding was
lower than 5 VA, the tests were conducted for a power factor equal to 1. The accuracy
was evaluated for two manufactured inductive CTs and 5%, 20%, 100% and 120% of their
rated primary current. The first unit was characterized by a rated current ratio equal
to 300 A/5 A, and the rated apparent load of the secondary winding was equal to 5 VA.
Moreover, its accuracy class, as defined for the transformation of a sinusoidal current with
a frequency of 50 Hz, was 0.5. The second one was specified as 300 A/1 A, 2.5 VA, accuracy
class 0.2.
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3. Wideband Accuracy of the TCTs
3.1. Results for TCT 300 A/5 A Class 0.5

In accordance with the standard IEC 61869-2, the first step of the laboratory studies was
to perform the transformation accuracy tests for a sinusoidal current of a rated frequency
equal to 50 Hz [33]. The determined values of the current error and phase displacement for
the TCT 300 A/5 A class 0.5 and their limits in accordance with the standard IEC 61869-2
are presented in Table 1.

Table 1. The values of the current error and phase displacement determined for transformation of
50 Hz sinusoidal current using the TCT 300 A/5 A class 0.5.

Limit Rated Load 25% of Load

Percentage of the Rated Current Al [%] 5 [°] Al [%] 5 [°] AI [%] 5o [°]
5 +1.5 +1.5 -1.13 —0.09 —-0.17 0.27
20 +0.75 +0.75 —0.74 —-0.07 0.01 0.23
100 +0.5 +0.5 —0.49 0.00 0.16 0.15
120 +0.5 +0.5 —0.40 0.02 0.18 0.13

The TCT 300 A/5 A meets the requirements of class 0.5 as defined by the standard
IEC 61869-2 [33]. Moreover, the positive values of the current error indicate that the TCT
was corrected. Therefore, the number of turns of the secondary winding was reduced
in relation to the rated current ratio. The second step was to determine the values of
the current error and phase displacement at harmonics during the transformation of the
distorted primary current.

The results for the secondary winding with a rated apparent load power equal to 5 VA
and a power factor equal to 0.8 ind. are presented in Figure 2. Moreover, close-ups on
the results for harmonics from the 1st to 10th order are presented for evaluation of the
self-generation phenomenon of the tested inductive CT. The maximum permissible values
of the current error and phase displacement defined by the optional accuracy class WB1 in
accordance with the standard IEC 61869-1 ed.2 are also provided [17].

The reactance of the load of the secondary winding caused deterioration of the accu-
racy with increasing frequency of the transformed higher harmonic. This resulted from
the increased RMS value of the secondary voltage with the increased order of the trans-
formed higher harmonic and thus increased apparent power of the secondary winding
load [10,11,20]. Nevertheless, the measured values of the current error and phase displace-
ment in the entire frequency range considered did not exceeded the limits defined for the
optional accuracy class WB1 in the standard IEC 61869-1 ed.2 [17].

The problem of the additional secondary current distortion by the inductive CT is
caused by the nonlinearity of the magnetization characteristic of its magnetic core. This
results in self-generation of low-order higher harmonics. Their level depends mainly
on the RMS value of the main component and third higher harmonic as well as their
mutual phase angle. Moreover, the intensification of this phenomenon is associated with
increased values of the secondary current load and its inductive power factor, which cause
an increase in the magnetic flux density in the inductive CT’s magnetic core and thus results
in movement of its operating point on the magnetization characteristic towards saturation.
The self-generation phenomenon is also reflected in the values of the current error and
phase displacement of the transformed low-order higher harmonics. This means that if
the phase angle of the transformed higher harmonic is properly adjusted relatively to the
main component, the most negative and the most positive values of the current error and
phase displacement will be determined [5]. Therefore, wideband accuracy tests for the
transformation of the low-order higher harmonic were performed for its various phase
angles in relation to the fundamental component of the distorted current from 0° to 360°,
adjusted in at most 10° steps.
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The values of the current error and phase displacement at harmonics for the trans-
formation of the distorted primary current using the TCT 300 A/5 A class 0.5 determined
with 25% of the rated load are presented in Figure 3.
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Figure 2. The transformation accuracy of harmonics according to the TCT 300 A/5 A class 0.5 with a
rated load of the secondary winding being equal to 5 VA: (a) current error, (b) phase displacement.
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Figure 3. The transformation accuracy of harmonics as determined using the TCT 300 A/5 A
class 0.5 with 25% of the rated load of the secondary winding equal to 1.25 VA: (a) current error,
(b) phase displacement.

Twenty-five percent of the rated load of the TCT was equal to 1.25 VA. Therefore, in
accordance with the interpretation sheet IEC 61869-2:2012/ISH1:2022, the power factor of
the load used was equal to 1 [23]. In this case, the increase in the values of the current error
and phase displacement with the order of transformed higher harmonic was not detectable.
The requirements of the WB1 optional accuracy class were also fulfilled with a greater
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reserve. Taking into consideration the results presented in Figures 2 and 4, the accuracy
class of the TCT was determined to be 0.5-WBL1.
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Figure 4. The transformation accuracy of harmonics according to a TCT 300 A/5 A class 0.2 with a
rated load of the secondary winding equal to 2.5 VA: (a) current error, (b) phase displacement.
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3.2. Results for TCT 300 A/5 A Class 0.2

The rated load apparent power of the second tested inductive CT was equal to 2.5 VA.
Therefore, during the evaluation of its transformation accuracy, the resistance load had to
be applied to the secondary winding. The values obtained for the current error and phase
displacement for the transformation of a sinusoidal current with a 50 Hz frequency using
the TCT 300 A/5 A class 0.2 are presented in Table 2.

Table 2. The values of the current error and phase displacement for transformation of sinusoidal
current with a 50 Hz frequency using the TCT 300 A/5 A class 0.2.

Limit Rated Load 25% of Load

Percentage of the Rated Current AI[%] 5 [°] AI [%] 59 [°] AI [%] 50 [°]
5 +0.75 +0.5 0.05 0.15 0.12 0.11
20 +0.35 +0.25 0.06 0.08 0.12 0.06
100 +0.2 +0.17 0.10 0.05 0.15 0.04
120 +0.2 +0.17 0.10 0.05 0.15 0.04

The TCT 300 A/5 A’s accuracy class, 0.2, as declared by its manufacturer, was con-
firmed by the results presented in Table 2 and is in compliance with the limits defined by
the standard IEC 61869-2 [33]. Moreover, the positive values of the current error indicate
that turn correction was applied to the secondary winding of this CT.

The values of the current error and phase displacement at harmonics for the transfor-
mation of a distorted primary current according to the TCT 300 A/5 A class 0.2 determined
with the rated load are presented in Figure 4.

The TCT 300 A/5 A class 0.2 meets the requirements of the standard IEC 61869-1 for
the optional accuracy class WB1 [17]. In this case, the level of the self-generated higher
harmonics was reduced compared with the previous tested inductive CT. This was due to
the decreased load apparent power.

The values of the current error and phase displacement for the transformation of
distorted primary current harmonics according to the tested inductive CT 300 A/5 A class
0.2 determined for the apparent power of a secondary winding load equal to 1 VA are
presented in Figure 5.
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Figure 5. The transformation accuracy of harmonics according to a TCT 300 A/5 A class 0.2 with a
secondary winding load equal to 1 VA: (a) current error, (b) phase displacement.

Taking into consideration the results presented in Figure 5, the accuracy class of
the tested inductive CT, in accordance with the standard IEC 612869 parts 1 and 2, was
0.2-WB1 [17,33].

4. Conclusions

The manufactured low-voltage inductive current transformers class 0.5 and 0.2 de-
signed for a 50 Hz frequency sinusoidal current ensure a higher harmonics transformation
accuracy up to and including a frequency equal to 3 kHz, in accordance with the optional
wideband accuracy class WB1 defined by the second edition of the IEC standard 61869-1
published in 2023 [17]. The inductive load of the secondary winding causes a significant
increase in the values of the current error and phase displacement with an increase in the
frequency of the transformed higher harmonic. Therefore, the resistive load of the inductive
current transformer secondary winding ensures higher wideband transformation accuracy
of the distorted current. The compensation techniques proposed in scientific articles for
improvement of the inductive current transformer performance over a wide frequency
range are only necessary for poor-quality units strictly designed for a single rated operation
frequency. Additionally, the application of these methods will always be associated with
an increase in the complexity and cost of the final device due to the required implemen-
tation of additional electronic circuits. The appropriate solution is the proper design of
the inductive current transformer, taking into consideration the use of modern magnetic
materials for the magnetic core and its oversizing in relation to the requirements for a given
accuracy class defined for the transformation of sinusoidal currents with a frequency of 50
Hz/60 Hz. The phenomenon of the self-distortion of the secondary current of the inductive
current transformer resulting from the nonlinearity of its magnetic core’s magnetization
characteristics should be taken into account in the design procedure. In the case of the
tested inductive current transformers, the self-generated third, fifth and seventh secondary
current harmonics had no significant impact on their wideband transformation accuracy. In
the case of the tested low-voltage inductive current transformers, the requirements defined
for the transformation of higher harmonics in the standard IEC 61869:2023 for the optional
accuracy class WB1 were satisfied easily with a large margin to the limiting values of
current error and phase displacement [17]. Therefore, these inductive current transformers
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ensure high transformation accuracy as demanded by the power quality monitoring and
distorted electrical power and energy requirements.
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