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Abstract: This paper presents a newly developed method to determine the values of current error and
phase displacement for the transformation of distorted current harmonics by the inductive current
transformers. This approach eliminates the necessity for the utilization of an expensive, high-current
supply system for the measuring setup. In this method, the secondary winding is fed by the distorted
voltage with RMS values of harmonics calculated in order to reproduce the operation point of the
inductive current transformer on the magnetization characteristic of its magnetic core, as in primary
winding excitation conditions. This proposed approach is successfully verified with the typically
used primary current excitation method, where the secondary currents of the reference and tested
current transformers are compared in the differential measuring setup. It was confirmed that the
inductive CT with current error and phase displacement for transformation of distorted current
harmonics determined in the rated ampere-turns conditions may be effectively used in the measuring
setup as the reference source of the primary current.

Keywords: secondary current excitation; transformation accuracy; distorted current; harmonics;
current transformer; phase displacement; current error

1. Introduction

Inductive current transformers (CTs) are devices that are used to transform high
currents into an appropriate level for measuring and as a protection apparatus of the
electrical power system [1,2]. CTs are widely used in the monitoring of power generation,
transmission and distribution. The transformation accuracy of the CTs is critical to the
reliability of the power network and energy billing. Inductive CTs are designed to ensure
transformation accuracy over a specific range of the primary current. Its upper value is
limited by the knee point on the magnetization characteristic of the magnetic core. This is
where its nonlinear part begins. Further increase in the value of magnetic flux density will
cause saturation of the magnetic core [3–7]. The secondary current of the inductive CT will
be strongly distorted by the self-generation of higher harmonics caused by the nonlinearity
of the magnetization characteristic of the magnetic core. This phenomenon is typical for
CTs with the magnetic core. The magnetization characteristic, even below the knee point, is
nonlinear, and some level of the low order higher harmonics is generated to the secondary
current. The pure sinusoidal waveforms of the current never exists in the electrical power
system. Its frequency spectrum consists of not only fundamental components but also
higher harmonics. This is due to an increased number of loads connected to the power
grid with the nonlinear current to the voltage relationship [8,9]. Moreover, the renewable
energy sources may introduce additional distortion. Therefore, all devices belonging to the
electrical energy system are exposed to the current components other than rated frequencies.
The new edition of the standard IEC 61869-1 will be introduced in 2023 and contains the
optional requirements for transformation accuracy of higher harmonics by the inductive
CTs. Many of the papers [10–16] present behavior and accuracy tests of inductive CTs
during transformation of the distorted current. However, most of them are based on the
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utilization of the high-current test system, which have to be able to generate distorted
currents associated with the rated primary current of the tested CT. Other problems concern
the devices which may be adopted as a reference source of the primary current. A solution
for this problem is presented in the papers [17–19]. In this case, the low primary current
transformer (LPCT) was used. Another device, which can be adopted for this purpose, is
the inductive CT characterized by a high accuracy of transformation for distorted current
higher harmonics. Its accuracy is then tested in its rated ampere-turns conditions [20–22].
The inductive CT must be a bushing or window type. The additional primary winding
with the number of turns equal to the rated current ratio has to be made. It is required to
be evenly spread on the surface of the magnetic core.

The paper presents a new approach to evaluate the transformation accuracy of in-
ductive CTs for transforming distorted current harmonics. In this method, the secondary
winding is fed by the distorted voltage with the RMS values of harmonics calculated in or-
der to reproduce the operation point of the inductive CT on the magnetization characteristic
of its magnetic core under primary winding excitation conditions. Therefore, the values
of resistance and reactance of the secondary winding and its load must be considered. It
has been proven that the value of reactance of the secondary winding may be estimated
from the measured value of its DC resistance by multiplying it by the factor equal to 0.1. To
determine the value of the current error and phase displacement for a given hk harmonic
of the distorted secondary voltage representing the considered distorted primary current,
the RMS values of the hk harmonics of the secondary winding excitation current and phase
shift between them are measured.

The novelty of this paper is summarized in the following bullet points:

• The method to determine current error and phase displacement for the transforma-
tion of distorted current harmonics by the inductive CTs without the high current
generation system is proposed;

• It is confirmed that the effect of the nonlinearity of the magnetic core is covered by the
secondary current excitation method;

• The proposed approach is successfully verified with the typically used primary current
excitation method, where the secondary currents of the reference and tested current
transformers are compared in the differential measuring setup;

• Inductive CTs with current error and phase displacement for transformation of dis-
torted current harmonics determined in the rated ampere-turns conditions may be
effectively used in the measuring setup as the reference source of the primary current.

The differences between the results obtained by the means of the secondary and
primary current excitation methods are the most significant for the main and 3rd harmonics
of the considered distorted primary current. The highest difference does not exceed ±0.1%
for the current error at the harmonic and ±0.1◦ for phase displacement at the harmonic.
These values are the most important for the main component, taking into consideration
the limit values of current error and phase displacement defined for a given accuracy class
in the standard IEC 61869-2 and IEEE C57.13 for transformation of the sinusoidal current
of frequency 50 Hz/60 Hz. Therefore, the equivalent method is found not yet suitable
for accuracy tests in accordance with appropriated standards for the transformation of
sinusoidal currents. The accuracy requirements for higher harmonic transformation by
the inductive current transformer are still not defined by the standards. Nevertheless, the
requirements for transformation of distorted current higher harmonics are expected to be
several times less restrictive, and the measurement uncertainty of the proposed method
would be acceptable.

Presented in this manuscript is an approach and method that can be used for the
protection and measuring the types of inductive CTs. It is crucial to determine the correct
values of inductance and resistance of the CT’s secondary winding. Moreover, this method
can be utilized to determine the values of the current error and phase displacement of the
distorted current harmonics transformation by the inductive CT characterized by even
distribution of the winding turns on the surface of the magnetic core. In the other case, the
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measurement uncertainty of the method increases. In our laboratory studies, we tested only
inductive CTs with even distribution of the primary and secondary winding turns. This is
important, because the even distribution of the magnetic field strength in the magnetic core
is required in order to reproduce the same conditions from the secondary side as it would
be obtained during the primary excitation. To summarize, the advantages of the proposed
method are listed below:

• It eliminated the necessity of the utilization of expensive, high-current supply systems
of the measuring setup;

• It did not require the utilization of the reference source of the primary current (e.g.,
reference transducer/transformer);

• It enabled the determination of the values of current error and phase displacement
even for very high frequencies;

However, the disadvantages are pointed out below:

• It required the determination of the correct values of inductance and resistance of the
CT’s secondary winding,

• It was applicable only to the inductive CTs with even distribution of the winding turns
on the surface of the magnetic core.

2. Measuring Circuits

To discuss in detail the idea of the developed, secondary current excitation method
used to determine the transformation accuracy of distorted current harmonics by the
inductive CTs, their equivalent circuit, presented in Figure 1, is analyzed.
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Figure 1. Equivalent circuit of the inductive CT.

where:

i”0hk is the instantaneous value of the secondary excitation current;
i”µhk is the instantaneous value of the reactive component of the secondary excitation current;
i”Fehk is the instantaneous value of the active component of the secondary excitation current;
L”µhk is the nonlinear mutual inductance between windings of the inductive CT;
R”Fehk is the nonlinear resistance representing the active power losses in the magnetic core;
L2 is the leakage inductance of the secondary winding;
R2 is the resistance of the secondary winding;
u”µhk is the instantaneous value of the voltage on the mutual inductance between windings;
and u20hk is the instantaneous value of the equivalent secondary winding supply voltage.

In order to determine the values of the current error and phase displacement using
the secondary current excitation method, the first stage involves calculating the RMS
values of the distorted voltage harmonics required to supply the secondary winding of
the TCT (tested current transformer). These values must be determined for the given
RMS values of the distorted primary current harmonics converted to the secondary side,
taking into account the resistance and reactance of the secondary winding and its load.
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These assumptions are necessary to adequately represent the TCT’s operation for the
transformation of the distorted primary current with a specific secondary winding load.
In accordance with the results and method presented in paper [23], the reactance of the
secondary winding may be estimated from the measured value of its DC resistance by
multiplying it by a factor equal to 0.1. To ensure the same operating point of the tested CT
on the magnetization characteristic of its magnetic core, as in the conditions of primary
winding excitation, it is necessary to calculate the RMS values of the harmonics of the
secondary winding supply voltage. The RMS value of each harmonic is calculated in
accordance with the following formula:

U20hk = I ′′ z1hk·
√
(R2 + RL)

2 + (2·π· fhk·L2)
2, (1)

where:

I”z1hk is the RMS value of the hk higher harmonic of the considered distorted primary
current for which the values of the current and phase displacement are determined;
RL is the load resistance of the secondary winding;
LL is the load inductance of the secondary winding;
and U20hk is the RMS value of the hk higher harmonic of the equivalent secondary winding
supply voltage.

In the second stage of the developed method, the TCT is connected to the measuring
circuit presented in Figure 2. To determine the value of the current error and phase
displacement for a given hk harmonic of the considered distorted primary current, the RMS
values of the excitation current I ′′0hk and applied supply voltage U20hk as well as the phase
shift between them ωhk must be measured. The value of the hk harmonic of the composite
error for a given RMS value of the hk higher harmonics of the considered distorted primary
current I ′′z1hk can be calculated with the following formula:

ε%IAhk =
I ′′0hk
I ′′z1hk

100%, (2)

where:
I”0hk is the RMS value of the measured hk harmonic of the distorted excitation current.
The RMS value of a given voltage harmonic of the mutual inductance Uµhk is equal to:

Uµhk =

[
U2

20hk + I
′′2
0hk·[R

2
2 + (2·π· fhk·L2)

2]− 2·U20hk·I
′′
0hk·
√

R2
2 + (2·π· fhk·L2)

2

·cos
(
ωhk − arctg 2·π· fhk ·L2

R2

)] 1
2

,
(3)

The value of the hk harmonic of the current error is defined by the following equation:

∆IAhk = ε%IAhk·cos
(

arccos
(

U2
20hk+U2

hk−I
′′2
0hk ·(R2

2+(2·π· fhk ·L2)
2)

2·U20hk ·Uµhk

)
+ωhk

−arctg
(

2·π· fhk ·(L2+LL)
R2+RL

))
,

(4)

The value of the hk harmonic of the phase displacement is defined by the
following equation:

δϕAhk = arcsin (ε%IAhk

·sin
(

arccos
(

U2
20hk+U2

hk−I
′′2
0hk ·(R2

2+(2·π· fhk ·L2)
2)

2·U20hk ·Uµhk

)
+ωhk

−arctg
(

2·π· fhk ·(L2+LL)
R2+RL

))
· 1

100%

)
,

(5)
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The measuring circuit of the proposed secondary current excitation method is pre-
sented in Figure 2.
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Figure 2. Measuring system (a) and photo (b) of the secondary current excitation method used to
determine the current error and phase displacement of the TCT.

In Figure 2 the following abbreviations are used:

DPM is the digital power meter;
TCT is the tested inductive CT;
PPS is the programmable power supply;
IT is the insulation transformer;
I0 is the instantaneous value of magnetic core’s excitation current;
RA is the current shunt used to measure value of I0;
V1/CS1 is the input terminal of the DPM;
P1/P2 is the primary terminal of the tested CT;
and S1/S2 is the secondary terminal of the tested CT.

The verification of the results obtained from the proposed method was performed
by comparing the determined values of the current error and phase displacement with
the utilization of the primary current excitation method. The measuring setup had to
be supplied with a high value of the distorted primary current resulting from the rated
current ratio of the tested inductive CT. This may be accomplished using the high current
generation system composed of the step-up current transformer (SCT), programmable
power source (PPS) and isolation transformer (IT). The reference current transformer (RCT)
is also supplied by the same primary current as the tested unit. Therefore, their secondary
current may be compared.

The accuracy of the RCT is determined in the rated ampere-turns method described in
detail in paper [20]. The differential circuit is used to ensure low measurement uncertainty.
The value of the composite error for a given higher harmonics is directly determined from
the measured value of voltage on the current shunt RD. In the measuring circuit presented



Energies 2023, 16, 3026 6 of 15

in Figure 1, the current shunt RS is used to measure the RCT’s secondary current. The load
of the secondary winding of the TCT is represented by the current shunt RL.

In Figure 3, the abbreviations are the same as those in Figure 1, with the addition of
the following:

SCT is the step-up current transformer;
RD is the current shunt used to measure instantaneous value of the differential current;
RCT is the reference CT tested in the ampere-turns conditions;
RL is the load of the secondary winding of the tested CT;
RS is the current shunt used to measure the instantaneous value of RCTs secondary current;
i2 is the instantaneous value of the tested CTs secondary current;
i2r is the instantaneous value of the RCTs secondary current;
and iD is the instantaneous value of the differential current between the TCT and RCT
secondary currents.

The digital power meter (DPM) enables instantaneous measurements of the RMS
value of a given higher harmonics of voltages on current shunts RS and RD as well as the
phase angle between them.

The percentage value of the RCT’s secondary current is determined from
Equation (6) [22].

I2hk =
UShk
RS
·100%, (6)

where:
UShk is the RMS value of the hk voltage higher harmonic of the current shunt RS.
The value of the current error specified for a given hk harmonic of the distorted primary

current is equal to [22]:

∆Ihk =

√(
UShk
RS

)2
+
(

UDhk
RD

)2
− 2 UShk

RS
·UDhk

RD
cosφhk − UShk

RS

UShk
RS

·100%, (7)

where:

UDhk is the RMS value of the hk voltage higher harmonic of the current shunt RD;
and φhk is the phase angle of the hk higher harmonic measured between voltages of the
current shunts RD and RS.

The value of the phase displacement is calculated from the following equation [22]:

δϕhk = arcsin


√(

UDhk ·RS
RD ·UShk

·100%
)2
− ∆I2

hk

100%

, (8)

The tests were performed for the transformation of the distorted primary current
with the main component of a 50 Hz frequency and a single higher harmonic frequency
from 100 Hz to 5 kHz. The RMS value of the higher harmonic is equal to 10% of the main
harmonic. In accordance with the standard IEC 61869-2, both inductive CTs are tested for
5%, 20%, 100% and 120% of the rated primary current RMS value. The CT with an accuracy
class of 0.2S was additionally tested for 1%. Due to the different phase angle of higher
harmonics in relation to the main harmonic of the distorted primary current, various values
of the current error and phase displacement may be determined. Therefore, during the
tests in the primary current excitation method, the phase angle of the transformed distorted
primary current higher harmonic is changed by 5◦ in the range from 0◦ to 355◦ in relation
to the main component. While, in the secondary current excitation method, the phase
angle of the secondary winding supply voltage higher harmonic is also changed by 5◦ in
the range from 0◦ to 355◦ in relation to the main component. This approach enables the
possibility to evaluate the most positive and negative values of the current error and phase
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displacement that may be obtained for TCT due to the influence of the self-generation
phenomenon [14,21,22,24]. In this paper, the highest absolute values of the current error
and phase displacement are presented.
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3. Reference and Tested CTs

The developed, secondary winding excitation current method was applied to two
different inductive CTs. The first one had a rated current ratio of 1500 A/5 A, and its
accuracy class determined for the transformation of the sinusoidal current, with a frequency
of 50 Hz, was 0.2S. The second one had a rated current ratio of 100 A/5 A, and its accuracy
class was 0.5. The developed, secondary current excitation method requires specifying
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the values of inductance and resistance of the secondary winding and parameters of the
load for which the RMS values of harmonics of the secondary winding supply voltage in
accordance with Equation (1) are calculated. These values for both CTs are given in Table 1.

Table 1. The values of resistance and inductance of the secondary winding and load of tested
inductive CTs are shown.

Tested CTs Lr2 [mH] R2 [Ω] LL [mH] RL [Ω]

1500 A/1 A, cl. 0.2S 0.074 0.305 - 5
100 A/5 A, cl. 0.5 0.0035 0.0121 - 0.1

The TCT 1500 A/1 A, cl. 0.2S is connected to the measuring circuit presented in
Figure 2. To determine the value of the current error and phase displacement, the RMS
values of the excitation current I ′′0hk and applied supply voltage U20hk as well as phase
shift between them and ωhk were measured. In Table 2 the results for the equivalent test
conditions representing 20% of the rated primary current are reported.

Table 2. The measured values of the hk harmonics of the excitation current I ′′0hk and applied supply
voltage U20hk as well as phase shift between them and ωhk for the TCT 1500 A/1 A, cl. 0.2S in the
equivalent test conditions, representing 20% of the rated primary current, are shown.

Harm. Order [-] U20hk
[V]

I”0hk
[mA]

ωhk
[◦]

1 1.0610 3.7551 167.79
3 0.1061 0.4353 182.86
5 0.1061 0.3333 192.33
7 0.1061 0.2736 193.44
10 0.1062 0.2605 197.24
15 0.1063 0.2800 202.26
20 0.1065 0.2887 206.37
25 0.1067 0.3078 209.62
30 0.1070 0.3367 212.23
40 0.1077 0.4152 215.61
50 0.1086 0.5254 217.87
60 0.1097 0.6261 219.99
70 0.1110 0.7615 221.65
80 0.1124 0.9671 222.97
90 0.1141 1.1419 225.21

100 0.1158 1.3028 227.41

The values of the voltage U20hk for a given hk harmonic were calculated in order to
ensure equivalent conditions for the operation of the TCT magnetic core as obtained for
transformation of the distorted primary current. The above presented calculations were
conducted to obtain the secondary supply voltage under conditions where 20% of the rated
primary current with the RMS value of the higher harmonic equal to 10% of the main
harmonic is transformed by the TCT. Similar calculations were performed for 1%, 5%, 100%
and 120% of the rated primary current RMS value.

The TCT 100 A/5 A, cl. 0.5 was connected to the same measuring circuit. In Table 3, the
results for the equivalent test conditions representing the transformation of the distorted
primary current for 100% of its rated value are reported.
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Table 3. The measured values of the hk harmonics of the excitation current I ′′0hk and applied supply
voltage U20hk as well as phase shift between them and ωhk for the TCT 100 A/5 A, cl. 0.5 in the
equivalent test conditions, representing 100% of the rated primary current, are shown.

Harm. Order [-] U20hk
[V]

I”0hk
[mA]

ωhk
[◦]

1 0.5605 5.9601 167.79
3 0.0561 0.6593 182.86
5 0.0561 0.5146 192.33
7 0.0562 0.4698 193.44
10 0.0563 0.4661 197.24
15 0.0567 0.4636 187.20
20 0.0571 0.4467 187.77
25 0.0577 0.4446 188.53
30 0.0584 0.4422 189.25
40 0.0602 0.4403 191.01
50 0.0624 0.4447 192.77
60 0.0650 0.4598 194.29
70 0.0680 0.4640 195.96
80 0.0712 0.4897 197.17
90 0.0748 0.4899 198.58

100 0.0785 0.5076 199.68

In the above presented case, the calculations were performed to obtain secondary
supply voltage under the conditions where the TCT transforms 100% of the rated primary
current with the RMS value of the higher harmonic equal to 10% of the main harmonic.
Similar calculations were performed for 5%, 20% and 120% of the rated primary current
RMS value.

The results presented in Tables 2 and 3 enable the calculation of the values of the
current error and phase displacement for the transformation of a given hk harmonic of the
distorted primary current by TCTs using Equations (4) and (5).

The developed, inductive RCT is designed for the rated primary current RMS value
equal to 300 A. It has two secondary windings for rated secondary currents equal to 1 A and
5 A. The values of the current error and phase displacement of the RCT for transformation
of the distorted current harmonics are determined by the means of the rated ampere-turns
method described in detail in paper [2]. The tests were performed for the transformation of
the distorted primary current with the main component of frequency being 50 Hz and a
single higher harmonic frequency ranging from 100 Hz to 5 kHz. The RMS value of the
higher harmonic is equal to 10% of the main harmonic. To test the CT, an additional primary
winding must be made, and its number of turns results from the rated current ratio of the
tested inductive CT. However, this solution is only applicable to window-type CTs. In the
differential circuit, the currents in the additional primary winding and in the secondary
winding of the tested CTs are compared. The frequency characteristics of the current error
and phase displacement of the RCT for the rated current ratio equal to 300 A/1 A are
presented in Figure 4.

The presented results in Figure 4 indicate that the values of the current error and phase
displacement were the highest for the main harmonic of the transformed distorted primary
current. They did not exceed −0.05% and 0.08◦, respectively.

The frequency characteristics of the current error and phase displacement of the RCT
for the rated current ratio equal to 300 A/5 A are presented in Figure 5.

The presented results in Figure 5 indicate that the values of the current error and phase
displacement were the highest for the main harmonic of the transformed distorted primary
current. They did not exceed −0.05% and 0.06◦, respectively.
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Figure 5. The frequency characteristics of (a) current error and (b) phase displacement of the RCT for
the rated current ratio equal to 300 A/5 A are shown.

4. Results

The results of the values of the current error and phase displacement determined for
a given harmonic of the tested CT with a rated current ration equal to 1500 A/1 A in the
proposed secondary current excitation method and primary reference excitation method
are presented in Figure 6. The dotted lines present the results without the consideration of
the correction of the secondary winding turns. The method to determine the turns ratio
correction of the tested CT is described in paper [25], where its value of considered TCT is
equal to six turns. This value changes the current error by 0.4% towards positive values.
The results of the tests are presented for the distorted primary current equal to 120% and
20% of the TCT’s rated current value.

The high values of the current errors and phase displacements obtained from the 3rd to
10th order harmonics result from the self-generation of low-order higher harmonics in the
secondary current. The proposed method also allows for determining the influence of this
phenomenon on the values of the current error and phase displacement. The convergence
of the results obtained from the secondary current excitation method and the reference
method confirms the effectiveness of the developed approach. However, it is necessary to
also consider the turns ratio corrections. The discrepancies between the results are within
the extended measurement uncertainty of both methods.

Figure 7 shows a comparison of the obtained values of the current error and phase
displacement of the TCT with the rated current ratio of 100 A/5 A in the proposed secondary
and primary current excitation methods. The TCT was made with the applied turns ratio
correction of the secondary winding by a value of 0.1 turns. This can be achieved when the
last turn is divided into 10 wires, 9 of which are made through the window of the magnetic
core. The tests were conducted for the distorted primary current equal to 100% and 5% of
the TCT’s rated current value.

It is important to note that the differences between the results obtained by the sec-
ondary current excitation method and the primary current excitation method are significant,
especially for the main and 3rd harmonics. The highest difference reaches±0.1% for current
error and does not exceed ±0.1◦ for the phase displacement. These values are significant
for the main component of the distorted primary current, considering the limit values of the
current error and phase displacement defined for a given accuracy class in the standards
IEC 61869-2 and IEEE C57.13 [26,27]. However, it should be noted that the accuracy require-
ments for higher harmonic transformation by the inductive current transformer are not yet
defined by the standards. The limiting values of the current error and phase displacement
at harmonics are proposed in paper [19]. The values defined in the standard IEC 61869-6
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for the low-power instrument transformers may be also adopted [28]. Nevertheless, the
requirements for the transformation of distorted current higher harmonics are several times
less restrictive. The differences between the values of the current error and phase displace-
ment determined by both methods are acceptable and do not have a significant influence on
the possible designation of the wide frequency accuracy class, as the requirements for the
transformation of the distorted current higher harmonics are several times less restrictive.
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excitation method are shown.

5. Conclusions

This paper presents a newly developed method to determine the values of the current
error and phase displacement for the transformation of distorted current harmonics by the
inductive current transformers. The proposed method eliminates the need for expensive,
high-current supply systems in the measuring setup and provides an efficient way to
determine the accuracy of inductive current transformers for the transformation of distorted
current harmonics. In this method, the secondary winding is fed by the distorted voltage
with RMS values of the harmonics calculated in order reproduce the operation point of
the inductive current transformer on the magnetization characteristic of its magnetic core,
as in the primary winding excitation conditions. The accuracy of the inductive current
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transformer depends on the turns ratio correction and the value of the magnetic flux
density of the magnetic core resulting from the instantaneous value of the secondary
voltage. All of the inductive current transformers suffer from the self-generation problem
caused by the nonlinearity of the magnetization characteristic of the magnetic core. This
is the main factor that determines their wide frequency transformation accuracy. The
efficiency of the secondary current excitation approach was verified with the typically
used primary current excitation method, where the secondary currents of the reference
and tested current transformers are compared in the differential measuring setup. The
convergence of the results from both methods have also confirmed the applicability of the
inductive current transformer as the source of the distorted reference current. The values
of the current error and phase displacement for transformation of the distorted current
harmonics by the reference inductive current transformer were determined in the rated
ampere-turns conditions.
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