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Abstract: The paper presents investigations and analysis of the parameters of the magnetic part of
the equivalent circuit of the inductive CT in the frequencies range from 50 Hz to 5 kHz. Therefore, a
measuring circuit used to determine the values of the transverse branch elements was developed.
The research performed helps to understand the obtained values of the frequency characteristics of
the current error and phase displacement of the corrected inductive current transformer. Moreover,
the vectorial diagrams for the 1st, 20th and 100th harmonics are provided with consideration of the
influence of the applied turns number correction of the secondary winding. The obtained results
show that the increase in the frequency of transformed higher harmonics may cause a decrease
in the values of the current error and phase displacement for the non-corrected inductive current
transformer. However, if the number of turns of the secondary winding is corrected, the behavior is
reversed, where the values of the current error are higher with increased frequency. In the paper, the
influence of the self-generation phenomenon of the low-order harmonics is also considered.

Keywords: current transformer; accuracy; higher harmonics; distorted current; turns ratio correction;
current error; phase displacement

1. Introduction

Inductive current transformers (CTs) are one of the most popular devices used in the
power system to convert high values of currents into a measurable level for metering and
protection apparatus. Nonlinear loads connected to the power grid cause a distortion of
the sinusoidal currents and voltages [1-4]. The advantage of Ref. [4] is that the inductive
CTs are tested under the conditions of transformation of real waveforms collected from
the power grid. The obtained results indicate their good meteorological performance
even under off-nominal conditions. For an evaluation of their accuracy, the composite
error is measured [5]. Instrument transformers are commonly used in the various types
of solutions, used both at low and high voltage, and their measurement accuracy is an
extremely important parameter, e.g., from the point of view of assessing the quality of
electricity or use in the so-called smart grid. It is especially important to evaluate their
work in the case of distortions in the sinusoidal wave, which is a consequence of the
increasing use of interfering devices (e.g., inverters, rectifiers) [6-8]. To determine the active
and reactive power with these disturbances, new requirements for inductive CTs arise.
Therefore, it is important to evaluate the frequency characteristics of the current error and
phase displacement for the transformation of distorted current harmonics. Moreover, all
the inductive CTs used in the power grid are equipped with the applied turns number
correction of the secondary winding. This solution is used to obtain lower values of the
current error determined for the transformation of the sinusoidal current with a frequency
50 Hz (60 Hz) and achieving a higher accuracy class in accordance with the standard IEC
61869-2 [9].
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To evaluate the inductive CTs” accuracy for the transformation of distorted current,
differential measuring systems are used [10,11]. The measurements are performed in the
rated ampere turns conditions as the equivalent method to reproduce the same operating
conditions as for supplying the CT with the rated primary current [12-14]. The advan-
tage of this solution is that the composite error is directly determined. This decreases
significantly the measurement uncertainty of the calculated values of current error and
phase displacement [15]. Other popular methods to evaluate the accuracy of CTs are based
on direct measurement of the primary and secondary current by the digital acquisition
systems [16-18]. It is also possible to obtain high distorted current values by the application
of the special amplifier systems [18-20]. The metrological performance of the inductive CTs
is dependent on the magnetic core and its nonlinear magnetization characteristic [21-23].
The approach presented in Ref. [23] consists of the utilization of the artificial neutral net-
work to avoid the impact of other phenomena exiting in the power grids, such as transient
states, on the transformation accuracy of the inductive CTs. The studies are performed
for two different CTs made from a silicon iron alloy and nanocrystalline alloy magnetic
core. Moreover, in Refs. [17,24-26], the methods of compensation for the inductive CTs’
transformation errors are proposed. The first one [26] is based on a linear approximation
of the magnetization characteristic of the magnetic core, i.e., considering only the small
linear region. Therefore, using this assumption, it is possible to implement digital filters to
improve the frequency response of the tested CT. Another solution [24] uses a modified
least-squares error algorithm and fully trained artificial neural networks to perform online
calibration of the CT installed in the power stations. This ensures the reconstruction of the
secondary current in the condition of transformation of transient waves and environmental
noises. However, our studies presented in Refs. [10,15] show that the nonlinearity of the
magnetization characteristic of the magnetic core significantly reduces the effectiveness of
compensation. This is due to the fact that low-order harmonics of the distorted primary
current cause the change in the value of the magnetic flux density.

In this paper, the method to determine the active and reactive components of the
excitation current, as well as the values of the resistance representing active power losses
in the magnetic core and the mutual reactance of the windings, are presented. Moreover,
the determined frequency characteristics of the current error and phase displacement are
analyzed and their course explained via the determined equivalent circuit parameters.
Therefore, to understand the courses of these characteristics, the vectorial diagrams are
presented, considering the influence of the applied turns number correction of the secondary
winding. The presented measurements circuit enables the determination of the magnetic
properties of the inductive CTs” magnetic core. To summarize the novelty of the paper, the
main achievements are highlighted in bullet points:

e development of the measuring circuit used to determine the magnetic part of the
equivalent circuit of the inductive CT,

e  evaluation of the transverse branch parameters of the equivalent circuit in a range of
frequencies, from 50 Hz to 5 kHz,

e  analysis of the values of the active and reactive component of the excitation current in
the considered frequencies range,

e correlation of the frequency characteristics of the magnetic part of the equivalent
circuit parameters with the obtained frequency characteristics of the current error and
phase displacement,

e  analysis of the influence of the self-generation phenomenon on the determined values
of the transverse branch parameters of the equivalent circuit,

e  construction of the vectorial diagram with considered influence of the applied turns
number correction of the secondary winding,

e analysis of the change of the inductive CT vectorial diagrams with the increasing
frequency of transformed distorted higher harmonics.

The problem under study concerns the source of the inductive CTs” accuracy de-
terioration for the transformation distorted currents. Therefore, the vectorial diagrams
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clearly show the relation between the considered vectors and their positioning related
to the obtained values of the current error and phase displacement in the considered
frequencies range.

2. The Equivalent Circuit of the Inductive CT

The magnetic core’s excitation current is the main cause of the transformation errors
in inductive CT. The transformation accuracy of the inductive CT depends on the value
of the magnetic flux density. Its values result from the RMS values of the harmonics of
the primary current and the load of the secondary winding. This is due to the nonlinear
shape of the magnetization characteristics of the magnetic core [10,12,22,27-30]. Under
steady-state operating conditions, the metrological characteristics of an inductive CT are
not affected by the leakage inductance and primary winding resistance. This results from
the fact that the primary winding can be treated as a current source. The influence of the
leakage flux of the primary winding is significant only under overcurrent conditions or in
transformers with a very large air gap in the magnetic core. If the inductance and resistance
of the primary winding are neglected, an equivalent circuit diagram containing only the
elements of the secondary circuit and the magnetizing branch is obtained. After taking into
account the change in the value of the magnetic core parameters for each ik harmonic of
the distorted primary current, this circuit is shown in Figure 1.

P, " i, Ro L. g,

Figure 1. Equivalent circuit of inductive current transformer for distorted current transformation.

In the equivalent circuit presented in Figure 1, the following abbreviations are used
(the symbol " indicates the quantities converted to the secondary side):

hk—index indicating the harmonic of ik order,

i’ ,—instantaneous value of the reactive component of the distorted excitation current,

i" y—instantaneous value of the distorted excitation current,

i’1—instantaneous value of the distorted primary current,

ip—instantaneous value of the distorted secondary current,

i pp—instantaneous value of the active component of the distorted excitation current,

L jy—mutual inductance of the primary and the secondary windings for the ik harmonic,
L;—load inductance of the secondary winding,

L,p—leakage inductance of the secondary winding,

P /P,—terminals of the primary winding,

Rp—resistance of the secondary winding,

R pyx—resistance representing active power loss in the magnetic core for the ik harmonic,
R;—load resistance of the secondary winding,

S1/S;—terminals of the secondary winding,

u’ ,—instantaneous value of the magnetizing voltage,

up—instantaneous value of the distorted secondary voltage.
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The values of the equivalent circuit components representing the magnetic core R,
and L, were made dependent on the harmonic order of the transformed primary current.
With the change of frequency, the values of magnetic permeability and active power loss of
the magnetic core also change.

Parasitic capacitances of secondary winding were not considered in the analyzed
equivalent circuit due to the low-voltage construction of the insulation system of the
inductive CT and the relatively low value of the number of turns of the windings in the
investigated cases (up to 2000 turns). Parasitic capacitances should be considered in the
case of a high-voltage construction.

3. The Measuring Setup and Tested CT

The values of the current error and phase displacement during the transformation of
the distorted current of the tested CTs are determined in the measuring setup presented in
Figure 2. The tested CTs are equipped with additional primary winding (P1A/P2A). This
enables the utilization of the differential connection of the secondary and primary windings
and the determination of the wideband accuracy without usage of the high current test
system [10,11]. Moreover, this approach enables the designation of the values of current
error and phase displacement without application of the reference transducer [11,31].
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Figure 2. Measuring system for the evaluation of the current error and phase displacement of the
inductive CT: (a) Electrical diagram; (b) Photo of the laboratory setup.

In Figure 2, the following abbreviations are used:

DPM—digital power meter,
CS1/CS52—DPM channels designed for connection of current/voltage probe,
V1/V2—DPM voltage channels,
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PPS—programable power source,

i1o—the instantaneous value of the current of the additional primary winding of inductive
CT under conditions of rated ampere turns,

ip—the instantaneous value of the differential current,

ip—the instantaneous value of the secondary current,

P1/P2—terminals of the primary winding,

P1A/P2A—terminals of the additional primary winding,

R;—resistance of the load of the secondary winding under normal operating conditions,
Rp—the non-inductive current shunt characterized by resistance equal to 10 () used to
measure the differential current,

Rs—the non-inductive current shunt characterized by resistance equal to 0.1 () used to
measure the current in the additional primary winding,

51/52—terminals of the secondary winding,

S1A/S2A—terminals of the additional secondary winding,

IT—insulating transformer.

In the measuring circuit of the inductive CT 100 A/5 A, the accuracy class determined
for 50 Hz is 0.2, and the rated apparent power 2.5 VA power factor 1 is tested. The wideband
accuracy tests are performed in ampere-turns condition of the CTs. This means that for each
tested CT, an additional primary winding is made. In the case of CT 100 A/5 A, the turns
number is equal to 20. In the case of CT 300 A/5 A, the turns number is equal to 60. The
digital power meter (DPM) used enables the simultaneous measurement, in the first module,
of the RMS values of the primary current in the additional primary winding. Moreover,
the RMS values of the differential current are also measured with utilization of the current
shunt Rp. Therefore, after the designation phase angle between these currents, the values of
the current error and phase displacement are determined. Each measurement is performed
for a single higher harmonic with utilization of the fast Fourier transformation of distorted
current. The tested CT is supplied by the programable power supply (PPS), which is
composed of the arbitrary waveform generator and the wideband amplifier [20]. This
solution enables the generation of distorted current with the programable level and phase
angle of each harmonic. To avoid the coupling of the measurement system with the external
power grid, the insulating transformer (IT) is utilized. The current shunt (R ) represents
the load of the tested CT’s secondary winding. Then, the frequency characteristics of
the values of the current error and phase displacement are evaluated for each harmonic
in the frequency range from 50 Hz to 5 kHz. Additionally, in the case of the low-order
higher harmonics, the influence of self-generation is considered. This means that due
to the nonlinearity of the magnetization curve of the magnetic core, low-order higher
harmonics are generated in the secondary current even if the CT is transforming sinusoidal
primary current. The values of the current error and phase displacement may achieve
increased or decreased values depending on the phase angle between the transformed and
self-generated harmonic. Considering the resistance of the current shunts (Rg) used, the
composite error can be determined from the equation

UppRs
0 = ——2100%, 1
€9 Thk RpUsy 1)

where

Uppr—the rms value of the hk harmonic of voltage on Rp current shunts associated with
the differential current,

Ugpr—the rms value of the Ik harmonic of voltage on the Rg current shunt associated with
the current in additional primary winding.
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Considering the phase angle between the measured hk harmonic of both voltages, the
RMS value of the hk harmonic of the secondary current can be determined from the equation

Usii \ > Upwe \> - Usie Uppk
Ly = 4/ [ =30k _ g Shk, 2
2k \/ ( Rs + Rp R Rp COS Pk, )

@nr—phase angle between the hk harmonic of two measured voltages of current shunts.

where

Therefore, the percentage value of the current error of the tested CTs for each ik higher
harmonic of the distorted current can be determined from the equation

Ly — Uspg

Rs . %,
T 100%, (3)

Rg

The determined &k values of the composite and the current errors allow for the calcula-
tion of the phase error of the tested CTs for each hk higher harmonic of the distorted current:

/&2 2
Sy = arcsin M , 4)
100%

The measurement uncertainties are analyzed in detail in Ref. [15]. Moreover, these
calculations are convergent with the method described in the guidelines and the recommen-
dations of JCGM [32]. The values of the expanded measurement uncertainty determined
separately for the current error and phase displacement at the beginning and end of the
considered frequencies range are equal to:

e  current error: (0.1 £ 0.003)% for 50 Hz and (0.1 + 0.017)% for 5 kHz,
e  phase displacement: (0.1 & 0.002)° for 50 Hz and (0.1 £ 0.01)° for 5 kHz.

In the second module of the DPM used, the RMS values of magnetization voltage U”,
and differential current are measured. The parameters of the equivalent circuit of the tested
CTs are determined in the measuring setup presented in Figure 3. To achieve this scope, the
tested CTs are equipped with additional secondary winding (S1A/S2A). These windings
are used to designate the RMS values of the magnetization current of the tested CTs. The
numbers of turns of these windings are the same as for the additional primary windings.

IT
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Figure 3. Measuring circuit used for construction of the vectorial diagram.
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In the measurement circuit presented in Figure 3, the differential connection is made
between the additional primary winding and the secondary winding of the tested CT.
The additional secondary winding is operating at the non-load state and provides the
measurement of the RMS value of the magnetization voltage U” uhk- This approach enables
the designation of the phase angle 3, (Figure 4) between the differential current Ipy
and the magnetization voltage U" ; required for the vectorial diagram. The utilization
of the second module of the DPM enables the determination of the values of the phase
angle oy (Figure 4) between the magnetization voltage U” uhk and the primary current Iy
flowing in the additional primary winding. Moreover, to properly designate the values
of the equivalent circuit, the turns correction applied to the secondary current has to be
considered. The method to determine the turns correction of mass-produced inductive CTs
was described in Ref. [33]. If the turns correction is applied, only the values of the composite
and current errors are changed. The value of phase displacement is not influenced by the
turns correction. In Figure 4, the vectorial diagrams of operation of the inductive CT
are presented.

‘0.1V| |0.2%|
| ] |

"
- %Fehk

-Al [%]

MNoslnk

‘m
Y Y

III
= %uhk

A ! -~
Al B0y sindgy, - 100%
Ionk "4k

Figure 4. Vectorial diagram constructed for the inductive CT.

In Figure 4, the following abbreviations are used:

Lo, ik—vector of the hk harmonic reactive component of the distorted excitation current
expressed as a percentage of the primary current converted to the secondary side,

Lo, pen—vector of the hk harmonic active component of the distorted excitation current
expressed as a percentage of the primary current converted to the secondary side,
I"qj—vector of the hk harmonic of the distorted primary current,

Iypr—vector of the ik harmonic of the distorted secondary current,

U, x—vector of the hk harmonic of the distorted magnetizing voltage,

apx—value of the phase angle between ik harmonics of the distorted magnetizing voltage
U,k and the distorted primary current Iy,

Brr—value of the phase angle between hk harmonics of the distorted magnetizing voltage
Uk and the composite error eox,

Ynr—vValue of the phase angle between hk harmonics of the active component of the dis-
torted excitation current o, and the composite error 79, p,

wpr—value of the phase angle between hk harmonics of the distorted secondary current
Ipi and the composite error 79,1,

Aljy—vector of the hk harmonic of the current error of the inductive CT,

Al,—vector of the ik harmonic representing the change of current error of inductive CT
caused by the turns ratio correction,
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d@pr—vector of the phase shift between hk harmonic of the secondary current and hk
harmonic of the converted primary current of the CT,

g, ir—Vvector of the ik harmonic of the composite error of inductive CT after utilization of
the turns ratio correction,

1o, mk—Vvector of the hk harmonic of the composite error of inductive CT before utilization
of the turns ratio correction.

The value of composite error before the applied turns correction of the secondary
winding can be determined from equation

Boutnk = \/ (Al + Alz)? + (sindy100%)2, 5)

Considering the measurements performed in the circuit presented in Figure 3 and the
relations of each vector presented in Figure 4, the phase angle wy; between the current
Iype and the composite error without the turns number correction 7o, is determined
from equation

Al 2 o 2 _ ¢, 2
O = COS—l( 2° + N%Ink” — Evlnk ) ®)
2:Alz-19%1mk
Next, the phase angle v is equal to
Yhk = &nk — Whk, @)

The value of the ik harmonic of the excitation current active component of the magnetic
core is determined from equation

I" erk = 1" 1hk Mo Ihk - COS Y bk, 8)

The value of the ik harmonic of the excitation current reactive component of the
magnetic core is determined from equation

I" yne = 1" 1nk- Mo k- SINY ks )
The value of the inductance of the magnetic core is calculated from equation

U/l hk
X" e = —1—, (10)
1" ik

The value of the resistance of the magnetic core is calculated from equation

u// ]/lhk

7
I Fenk

R" penk = (11)

4. The Frequency Characteristics of the Values of Current Error and Phase Displacement

In Figures 5 and 6, the frequency characteristics of current errors (a) and phase dis-
placement (b) of the mass-produced CT with a rated current ratio of 100 A/5 A are shown.
The measurements were performed for the rated resistive load of the secondary winding
(Figure 5) and for 25% of it (Figure 6). The results are presented, considering four values of
primary currents corresponding to 5%, 20%, 100% and 120% of the rated primary current.
The results of the tests and analyses concern the transformation of the distorted current
containing a single higher harmonic from 100 Hz to 5 kHz and a fundamental frequency
harmonic equal to 50 Hz. In relation to the self-generated higher harmonic, considering the
phase angle of the transformed higher harmonic, the current error and phase displacement for
a given primary current may obtain decreased (marked —) or increased (marked +) values.
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Figure 5. Influence of the rated resistive load of the secondary winding of the 100 A/5 A CT on its
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Figure 6. Influence of the 25% of the rated resistive load of the secondary winding of the 100 A/5 A

~X

20

30

40

Harm. order [-]

=5% ()
-X-5% (+)
--20%(-)
-0-20% (+)
—-100% ()
-@-100% (+)
——120% ()
-+ 120% (H)

50 60 70 80 920 100

7

=¢5% ()
-X=5% (+)
--20% ()
-0-20% (+)
——100% ()
-&- 100% (+)
——120% ()
-4 120% (+)

Harm. order [-]

80 92 100

CT on its accuracy: (a) current error, (b) phase displacement.



Energies 2022, 15, 5436

10 of 16

Significant values of the current error and phase displacement are observed in the
range up to the 10th harmonic result from the generation of higher harmonics in the
secondary current of the investigated CT as a result of the nonlinearity of the magnetization
characteristics of the magnetic core. In this case, the highest values of the current error occur
during the transformation condition of 5% of the rated primary current when the secondary
winding is loaded with the rated power. The positive sign of the current error results from
the applied turns number correction that shifts the value of the current error in the positive
direction. The increase in the load of the secondary winding causes the values of the current
error to shift toward negative values. The highest values of the phase displacement are
obtained for 5% of the rated primary current with the rated power load. This is due to the
low initial magnetic permeability of the utilized magnetic material of the magnetic core.
The increase in the resistive load value leads to the increase in the phase displacement.
This change depends on the operating point on the magnetization characteristic and local
changes in its slope. The increase in the frequency of the transformed harmonic causes
the current error to increase toward positive values, which is due to the applied turns
number correction. The decrease in the magnetic core excitation current in the analyzed
frequency range up to 5 kHz results from the increase in the mutual reactance of windings
and resistance representing active power losses in the magnetic core. The increasing value
of the core excitation current at the increased value of the secondary winding load reduces
the value of the differential current resulting from the difference between the rated current
ratio and the actual turns ratio of the tested CT. Therefore, the frequency characteristic of
the current error shifts toward negative values. Considering the phase displacement, this
causes a decrease in its value with the frequency of the transformed higher harmonic of
the distorted current. The phase displacement determined for higher harmonics from the
10th does not depend on the load value of the secondary winding. The phase displacement
results from the quotient of the active component and the reactive component of the core
excitation current. At the same time, in the analyzed case, the ratio of these two quantities
is maintained both for the rated power load and its 25%. If the load resistance increases,
the values of the magnetic flux density and active power loss in the magnetic core also
increase. Moreover, if there is a decrease in the slope of the magnetizing characteristic
curve, there is a decrease in the magnetic permeability of the magnetic core. Then, the load
on the secondary side will not affect the phase displacement.

The increase in the load of the secondary winding for non-corrected CTs leads to
increase in the value of the current error toward negative values. This is related to the
increased value of the secondary voltage, and thus, the increased magnetic flux density in
the magnetic core of the CT. Its value determines the operating point on the magnetizing
characteristic curve; therefore, with the increase in the value of the magnetic flux density,
the value of the magnetic field strength and the associated value of the core excitation
current also increase.

5. Analysis of the Values of the Equivalent Circuit Components Representing
Magnetic Core Parameters Determined for Distorted Current Harmonics

This subsection presents the changes of the values of mutual reactance of windings
and resistance representing active power losses in the magnetic core for each harmonic
of the transformed distorted current of the tested CT. Measurements were recorded with
the use of a digital power meter in the measuring system from Figure 3. The course of
changes of the values of these parameters together with the harmonic frequency determine
the accuracy of the transformation of a given harmonic by the tested CT. The analyses
were carried out for the distorted current consisting of the superposition of the main
frequency 50 Hz component and the single higher harmonic ranging from 100 Hz to 5 kHz.
Figure 7 presents the change, with the frequency of the transformed harmonic, of the
mutual reactance of windings of a 100A /5A CT. The tests were performed for four values
of the distorted primary current with the rated resistive load.
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Figure 7. The change, with the frequency of the transformed harmonic, of the mutual reactance of
windings of a 100 A/5 A CT.

In order to determine the values of mutual reactance of windings in the measuring
system presented in Figure 3, the secondary voltage of the additional secondary winding
operating in the idle state and the differential current between the additional primary
winding and the secondary winding were measured with utilization of the digital power
meter. Then, the application of formulae (5)—(10) enabled the determination of the values
of the mutual reactance and the resistance associated with the active power losses of the
magnetic core. Due to the merging of the transformed and the self-generated harmonic in
the distorted secondary current, the value of reactance may take on decreased (marked —)
or increased (marked +) values for a given primary current. From the 30th harmonic, as the
frequency resulting from the order of the transformed harmonic of the distorted current
increases, the value of the mutual reactance of the windings increases. The noticeable
change between the curves determined for four RMS values of the primary current results
from the change of the magnetic flux density of the magnetic core.

The change with the frequency of the transformed harmonic of the values of resistance
representing the active power losses in the magnetic core of 100A/5A CT is presented in
Figure 8. Due to the merging of the transformed and the given self-generated harmonic to
the distorted secondary current, the value of the resistance representing the active power
losses for a given primary current may assume decreased (marked —) or increased (marked
+) values. The increase in the frequency of the transformed harmonic causes an increase
in the active power losses. In the initial range up to the 5th harmonic, there is a local
change of the value of resistance representing active power losses. In the case when there is
an increase in the value of magnetic flux density caused by the self-generated harmonic,
the active power losses also increase. In the case when there is a decrease in the value
of magnetic flux density caused by the self-generated harmonic, the active power losses
also decrease.

Fundamental harmonic is characterized by the lower values of resistance, and this
causes the CT to achieve higher transformation error values. However, it has to be pointed
out that the determined equivalent parameters of the transverse branch of the equivalent
circuit presented in Figure 1 are determined for the CT without applying the secondary
turns number correction. Considering that, the values of the current errors for higher
harmonics reach lower values than for the fundamental harmonic.

Figure 9 presents the changes of the value of reactive and active components of the core
excitation current of 100 A/5 A CT with the change of frequency of the transformed harmonic.
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Figure 8. The change, with the frequency of the transformed harmonic, of the resistance representing
the active power losses in the magnetic core of a 100 A/5 A CT.
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The course of changes of the reactive component of the magnetic core excitation current
of 100 A/5 A transformer indicates a lack of dependence of the current error value on the
frequency of transformed higher harmonics. In the case of the active component of the
core excitation current, its value linearly increases with the frequency of the transformed
harmonic. The ratio of the reactive and active components for specific higher harmonics
determines the course of changes of their phase displacement. Therefore, a linear change of
the phase displacement occurs (Figure 5b).

6. The Vectorial Diagrams for Tested CT

To substantiate the course of the frequency characteristics of the current error and
phase displacement of the transformation of a given harmonic of the distorted current,
the vectorial diagrams specifying their values for selected operating conditions of the
tested CT were produced. The vectorial diagrams were produced in accordance with the
equivalent circuit of the CT presented in Figure 1 for the distorted current with the rated
load power of 100 A/5 A and a 10% level of the higher harmonic. In the case of the CT
with the applied turns number correction or other transformation error compensation, it
is not possible to construct a vectorial diagram on the basis of the equivalent parameters
measured during their operation (mutual reactance of windings and resistance representing
active power losses in the magnetic core, as well as leakage reactance and resistance of
secondary winding). This is due to the change of the value of the differential current in
relation to the magnetic core excitation current of the tested CT. The relevant values can be
determined in the idle state; however, it is necessary to determine them for the relevant
operating conditions of the CT resulting from the RMS values and phase shift of a given
harmonics (up to the 13th) of the distorted primary current and the value and power
factor of the load of the secondary winding [10]. In order to justify the determined courses
of characteristics of the current error and phase displacement for the transformation of
harmonics of the distorted current, the vectorial diagrams were constructed. The procedure
is described in detail in Figure 4.

Figure 10 shows the vectorial diagrams of the tested CT during the transformation of
the rated distorted current with the rated resistive load of the secondary winding for the
1st, 20th and 100th harmonic, with a level of 10% of a single higher harmonic.

In the vectorial diagrams presented in (a) to (c), respectively, the abbreviations were
used as in Figure 4, taking as the index hk the values of the 1st, 20th and 100th harmonics.

For the first harmonic, the value of the secondary winding leakage reactance is prac-
tically negligible. Then, it can be assumed that the phase displacement d¢y,; is equal to
the vector of the reactive component of the core excitation current #¢,5;,1 expressed as a
percentage of the primary current Io,1. The current error vector I is equal to the active
component I" ¢, 1 of the core excitation current 74,41 expressed as a percentage of the
primary current lo,p.,1. For the 20th harmonic, the value of the leakage reactance of the
secondary winding increases 20 times and causes a counterclockwise rotation of the vectors
of the active Iy, rpn20 and reactive Iy, ;00 components of the core excitation current 79,120
This causes a shift of the phase displacement d¢j,59 in the negative direction and a reduction
in the current error value Alj5g in spite of the already occurring increase in the RMS values
of active Iy, re20 and reactive Iy, ;20 components of the excitation current 779,20 with the
frequency of the transformed harmonic of the distorted current. For the 100th harmonic,
the value of the leakage reactance of the secondary winding increases 100 times in com-
parison with its value for the main component of the distorted current. There is a further
counterclockwise rotation of the active Io,re100 and reactive I, ;100 components of the core
excitation current 19,5,100. Therefore, with the frequency of the transformed harmonic, the
values of the current error decrease Alj1op, and the phase displacement d¢y100 changes
the sign. In Figure 10, vector I, represents the change of the current error Alj; due to the
application of the secondary winding turns number correction. The vectorial diagrams
were produced on the basis of the calculated RMS values of the active I”¢, . and reactive
o mk components of the core excitation current #o,,x determined in the presented method
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(Figure 4) and the values of the uncorrected current error of the tested CT. The value of I,
(equal to 0.5%) resulting from the determined turns number correction according to the
method in Ref. [33] was added to the value of the current error Al of the 100 A/5 A CT.
Therefore, in order to determine from the vectorial diagram the values of the current error
Aly after the applied correction, it is necessary to add I, to the determined value of the

current error before correction.
A

1V 0.2%
| | | |
| | | |

-Al [%]

]]0/ "
oIy rent

(a) | A
UII o

— uh1
Olhog
G VIS |
Al

oun1  SINO@p- 1 00%

N%Ih20 1"%ren20
®h20

(b) Al

-

o 0
] $indp-100%
%20

01V  02%
| | | |
| I |

-Al [%]

- %Feh100

(0)
Qz HT,_,MQ

]
oo ! %uh100

>
Sina([)hk' 100%
%100 l"1h100

Bhioo g

Figure 10. Vectorial diagrams constructed for the tested CT for a given harmonic: (a) 1st harmonic,

(b) 20th harmonic, (c¢) 100th harmonic.
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7. Conclusions

The results and analysis presented in the paper help to understand the course of
the frequency characteristics of the current error and phase displacement of the corrected
inductive CT. To avoid the influence of the applied turns number correction, the values
of the active and reactive component of the excitation current have to be determined in
accordance with the proposed method. The main source of the transformation error of
inductive CTs for the distorted current is the magnetic core. Therefore, the determined
frequency characteristics of resistance associated with active power losses and mutual
reactance of the windings with the considered self-generation phenomenon explain the
obtained values of the current error and phase displacement. It should be noted that the
present results are determined in a specified operating point of the tested CT. Thus, they
explain the course of the frequency characteristic only for this specified case. The change
of the operating point of the tested CT on the magnetization curve of the magnetic core
requires performing similar steps and analysis to obtain the equivalent circuit parameters.
To characterize the operation of the inductive CT during the transformation of the distorted
current in a comprehensive manner, the vectorial diagrams are constructed for three
harmonics. The values of the current error and phase displacement result from the operating
conditions of the CT determined by the RMS values and phase shifts of a given harmonic
(up to 13) of the distorted primary current and value, as well as the power factor of the
load of the secondary winding. At the same time, it is necessary to take into consideration,
for a given harmonic, the increase in the value of magnetizing voltage resulting from the
change of value of the leakage reactance and the resistance of the secondary winding.
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