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Abstract: In this paper, we present an investigation into the influence of the load power factor of
secondary winding on the metrological performance of inductive CTs with frequencies from 50 Hz
to 5 kHz of the harmonic of a transformed distorted current. The results clearly indicated that the
inductive load caused a deterioration in the transformation accuracy of the inductive CT. To ensure
the most advantageous conditions of their operation, a resistive load should be used. The inductive
CTs for the frequencies of the transformed harmonic of a distorted primary current from 50 Hz to
5 kHz may ensure the accuracy class designated for the transformation of the sinusoidal current of a
frequency of 50 Hz with the same limiting values of errors. Moreover, an analysis of the generated
low-order harmonics by a 300 A/5 A CT determined for the power factor of 0.8 inductive and 1.0 of
the secondary winding was investigated. These results for the transformed distorted currents of 3rd,
5th and 7th higher harmonics were evaluated for a rated load and 25% of this value.

Keywords: current transformer; accuracy; distorted current; higher harmonics; current error; power
factor; instrument transformer; phase displacement; load

1. Introduction

Inductive current transformers (CTs) are widely used in electrical grids to convert a
high current into an acceptable level by measuring and by protection apparatus [1–5]. The
distortion of currents causes CTs to be forced to transform non-sinusoidal currents with
a significant content of higher harmonics. Therefore, it is important to obtain the most
advantageous conditions of their operation in order to ensure the highest accuracy. There
are no defined IEC standard requirements for the transformation of distorted currents
by inductive CTs. The limits of the ratio error and phase displacement for measuring
inductive CTs are defined in the IEC standards only for sinusoidal currents [6]. The burden
used as load of the secondary winding during the accuracy test for all classes should
have a power factor of 0.8 inductive if the burden is higher than or equal to 5 VA. In
other cases, a power factor of 1.0 should be used, with a minimum value of 1 VA. In the
case of the protective CTs of classes P and PR, the same burden requirements are defined.
IEC standard 61869-6 defines the metrological requirements for the transformation of a
distorted current only by low-power instrument transformers (devices designed to be
loaded with negligible power) [7]. To characterise the wideband metrological properties
of inductive CTs, an IEC technical report about the use of instrument transformers for
power quality measurements has been published. This document contains information
about the behaviour of inductive and electronic instrument transformers operating with a
non-sinusoidal current and voltage. Moreover, a measuring setup with a two-channel
synchronous analogue to digital converter to determine their wideband metrological
properties has been proposed [8–12]. The continuation of these studies is the aim of many
published scientific papers [13–19]. In [20], an alternative differential measuring setup
characterised by a lower measurement uncertainty was developed. The results indicated
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that the wideband metrological performance of inductive CTs significantly depends on
the phase angle of the transformed higher harmonics of the distorted primary current
related to its main component. In the case of devices with a magnetic core, this is a result
of the self-generation of low-order higher harmonics in the secondary current caused by
a non-linear magnetisation curve. Moreover, the distortion of the primary current may
increase the peak value of the magnetic flux density and change the values and phases of
the self-generated low-order higher harmonics [21]. An accuracy test of the inductive CTs
may be performed with the utilisation of the rated ampere turns method. This solution
is only applicable to window-type inductive CTs. In other cases, its primary winding
must be fed by a rated current, which may be generated by a step-up current transformer
with a wideband power amplifier [22–24]. The results and analysis in [25] are helpful to
understand the course of the wideband metrological characteristics of a corrected inductive
CT [26]. The proposed vectorial diagrams define the components conditioning the values
of the current error and phase displacement of the harmonic of the specified distorted
current. Several works have been dedicated to developing a compensation technique for
the self-distortion of inductive CTs [27–30]. However, due to the effect of the low-order
harmonics presented in [21], such solutions are not effective.

In this paper, the power factor influence of the load connected to a secondary winding
on the metrological performance of inductive CTs with frequencies from 50 Hz to 5 kHz of
the harmonic of a transformed distorted current was analysed. We compared the values
of the current error and phase displacement determined at the harmonics of the distorted
primary current for the tested CT whilst operating with a secondary winding load power
factor equal to 1.0 and 0.8 inductive. During the test, the apparent load power remained
constant. The increase in the order of the transformed harmonic caused an increase in the
secondary voltage of the CT and thereby increased the value of the magnetic flux density of
the core. Therefore, a deterioration in the inductive CT transformation accuracy increased
with the order of the distorted current harmonic. The results clearly indicated that the
inductive load caused the deterioration of the inductive CT transformation accuracy. To
ensure the most advantageous conditions of their operation, a resistive load should be used.
Inductive CTs operating with a distorted primary current with a harmonic up to a 100th
order may then ensure the accuracy class designated for the transformation of a sinusoidal
current with a frequency of 50 Hz with the same limiting values of errors. A resistive load
of the secondary winding of the CT may be achieved in real operating conditions when a
shunt resistor is used as the input converter for an analogue to digital converter of a power
measuring device or protection apparatus. Moreover, in this paper, we investigated an
analysis of the generated harmonics by a 300 A/5 A CT determined for a power factor of
0.8 inductive and 1.0 of the secondary winding. These results for the transformed distorted
currents of the 3rd, 5th and 7th higher harmonics were evaluated for a rated load and 25%
of this value. We focused on these harmonics because with higher order harmonics, the
self-generation is negligible. The novelty of the presented results and analysis were:

• A comparison of the values of the current error and phase displacement determined
for the same inductive CT when the load of its secondary winding was purely resistive
and when its power factor was 0.8 inductive;

• An evaluation of the generation level of the harmonics in conditions when the
load of its secondary winding was purely resistive and when its power factor was
0.8 inductive;

• An analysis of the change with the frequency of the current error and phase dis-
placement at harmonics for different power factors of the secondary winding load
of the CT;

• The designation of the conditions that ensured the highest accuracy of the inductive
CTs during a distorted current transformation;

• The justification of the applicability of a resistive load for an inductive CT when used
for the evaluation of the power quality or a distorted power meeting.
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2. The Measuring Circuit and the Objects of the Research

The effect of the load power factor of the secondary winding on the harmonics of
its distorted current transformation accuracy was analysed for a 300 A/5 A inductive CT.
This unit was designed for a rated load of the secondary winding equal to 5 VA (power
factor 0.8). The tests were performed utilising the rated ampere turns method. Therefore, a
primary winding with 60 turns was additionally made.

In Figure 1, the measuring setup used for the evaluation of the values of the current
error and phase displacement of the CTs is presented.
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Figure 1. Measuring setup used for evaluation of values of current error and phase displacement of
the CTs.

In Figure 1, the following abbreviations are used:
IT: isolating transformer;
PPS: programmable power source;
RS: current shunt used to measure the RMS value of a given primary current harmonic;
RD: current shunt used to measure the RMS value of a given differential current

harmonic;
ZL: impedance of the load of the secondary winding: resistive (power factor 1) or

resistive-inductive (power factor 0.8);
DPM: digital power meter;
TCT: tested inductive current transformer.
In the presented measuring system, the accuracy of the inductive CT was evaluated

from three measured quantities. In the same channel of DPM for a specified hk harmonic,
the RMS values of the current in the additional primary winding and the differential
current (between the additional primary and secondary windings) as well as the phase
angle between these currents were simultaneously measured. Therefore, this approach
decreased the measurement uncertainty [21].

The value of the current error of a given harmonic could be calculated using the
following equation [20,24]:

∆Ihk =

√(
UShk
RS

)2
+
(

UDhk
RD

)2
− 2· UShk

RS
·UDhk

RD
· cos φAhk − UShk

RS

UShk
RS

·100% (1)

where UDhk is the RMS value of a given voltage harmonic on current shunt RD, φAhk is the
phase angle of a given harmonic between the voltages on current shunts RD and RS and
UShk is the RMS value of a given voltage harmonic on current shunt RS.
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The value of the phase displacement of a given harmonic was specified by the for-
mula [20,24]:

δϕhk = arcsin

 1
100%

·


 UDhk

RD
UShk
RS

·100%

−


√(

UShk
RS

)2
+
(

UDhk
RD

)2
− 2· UShk

RS
·UDhk

RD
· cos φAhk − UShk

RS

UShk
RS

·100%




1
2

. (2)

3. Metrological Performance of the CTs in a Wide Frequency Range

To determine the values of the transformation errors, the equivalent ampere turns
conditions of the CT under test were used with the utilisation of the differential current
measurements in the measuring circuit, as presented in Figure 1. The results concerned the
conditions when the distorted current contained one higher harmonic of frequency from
100 Hz to 5 kHz.

In Figure 2, the results of the measurements are presented for the rated resistive
load (5 VA, cosϕ = 1) of the secondary winding (solid lines) and for 25% of the rated load
(1.25 VA, cosϕ = 1; dashed lines) as well as for four percentage values equal to 5%, 20%,
100% and 120% of the rated primary current (I1N).
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Figure 2. Influence of the secondary winding resistive load of a 300 A/5 A CT on its transformation
accuracy: (a) current error; (b) phase displacement.

The high values of the obtained current errors and phase displacements up to the 10th
order of harmonics were caused by the generation of harmonics in the secondary current by
the tested CT. This resulted from the non-linearity of the magnetisation characteristics of the
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magnetic core. This phenomenon has been discussed in detail in many articles [20,21,24,31].
In these conditions, the highest current error values occurred for 120% I1N and 25% SN.
Moreover, the applied correction of turns of the secondary winding caused a shift of the
current error value in a positive direction [26]. As the load on the secondary winding
increased, the current error values moved toward a negative value. The most significant
phase displacement occurred for 5% I1N and SN.

In Figure 3, the results of the measurements are presented for the rated load (5 VA,
cosϕ = 0.8) of the secondary winding (solid lines) and for 25% of the rated load (1.25 VA,
cosϕ = 0.8; dashed lines) for four percentage values equal to 5%, 20%, 100% and 120% of
I1N. The results of the tests and analyses were also performed for a distorted primary
current with a main component with a frequency of 50 Hz and with one higher harmonic
of frequency up to 5 kHz.
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Figure 3. Influence of the secondary winding load with power factor 0.8 inductive of a 300 A/5 A CT
on its transformation accuracy: (a) current error; (b) phase displacement.

The value of the resistive-inductive load did not cause a parallel shift of the frequency
characteristic of the current error in the range from the 10th harmonic (Figure 3a), as in the
case of the pure resistive load (Figure 2a). This was due to the increase in the secondary
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voltage of the CT with the increasing frequency of the transformed current higher harmonic.
Therefore, its working position on the magnetisation curve shifted toward the saturation
region. A decrease in its slope resulted in obtaining a higher value of the core excitation
current; thus, a negative value of the current error occurred. At the same time, a higher
value of the magnetic flux density caused active power losses of the higher core. Therefore,
for the SN with a power factor of 0.8 inductive there was a much greater deterioration in
the transformation accuracy of the harmonics than for 25% of the rated load. This was due
to the fact that the inductance of the load for 100% SN was higher, resulting in a stronger
increase in its reactance and in the secondary voltage value of the CT. In this case, the value
of its inductance was equal to:

ZSN100% = SN
I2
2N

= 5
52 = 0.2 Ω

RL 100% = ZSN100%·cosϕ = 0.2 × 0.8 = 0.16 Ω
XL50Hz 100% = ZSN100%·sinϕ = 0.16 × 0.6 = 0.096 Ω

LL 100% = XL50Hz
2·π· f = 0.096

2·π·50
∼= 0.3 mH.

(3)

In the case of a 25%-rated resistive-inductive load (power rating of 0.8), its inductance
value was equal to:

ZSN 25% = 0.25·SN
I2
2N

= 0.25×5
52 = 0.05 Ω

RL 25% = ZSN25%·cosϕ = 0.05 × 0.8 = 0.04 Ω
XL50Hz 25% = ZSN25%·sinϕ = 0.05 × 0.6 = 0.03 Ω

LL 25% = XL50Hz
2·π· f = 0.03

2·π·50
∼= 0.1 mH

(4)

where ZSN 100% is the impedance of the load associated with the rated apparent power of
the CT, ZSN 25% is the impedance of the load associated with 25% of the rated apparent
power of the CT, RL 100% is the resistance of the load associated with the rated apparent
power of the CT, RL 25% is the resistance of the load associated with 25% of the rated
apparent power of the CT, XL50Hz 100% is the reactance of the load associated with the rated
apparent power of the CT determined for the 50 Hz main component, XL50Hz 25% is the
reactance of the load associated with 25% of the rated apparent power of the CT determined
for the 50 Hz main component, LL100% is the inductance of the load associated with the
rated apparent power of the CT, LL25% is the inductance of the load associated with 25%
of the rated apparent power of the CT, and ϕ is the phase angle between the sinusoidal
voltage and the current of the secondary winding load of the CT.

It resulted from Equations (3) and (4) that, for the rated load of the secondary winding
of the inductive CT, a higher value of inductance was connected. Therefore, in this case,
a higher increase in the magnetic flux density with the order of the transformed higher
harmonic was obtained (due to the increase in the secondary voltage). Thus, higher values
of transformation errors of the higher harmonics of the distorted current were determined.

In Figure 4, the results of the measurements are presented for the rated resistive load
(5 VA, cosϕ = 1) of the secondary winding (solid lines) and for the rated resistive-inductive
load (5 VA, cosϕ = 0.8) of the secondary winding (dashed lines). The results are presented
also for four percentage values equal to 5%, 20%, 100% and 120% of I1N.

A comparison of the characteristics from Figure 4 showed that, in the case of a load
with a power factor of 0.8, there was a significant increase in the current error and phase
displacement in relation to the values determined for the load of the secondary winding
with a power factor of 1.

In Figure 5, the results of the measurements are presented for 25% of the rated load at
power factors of 1 (1.25 VA, cosϕ = 1; solid lines) and 0.8 (1.25 VA, cosϕ = 0.8; dashed lines)
and for four percentage values equal to 5%, 20%, 100% and 120% of I1N.
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Figure 4. Comparison of the influence of the secondary winding rated load with power factor
0.8 inductive and 1.0 of a 300 A/5 A CT on: (a) current error; (b) phase displacement.

A comparison of the characteristics from Figure 5 showed that, in the case of a load
with a power factor of 0.8, there was a much larger decrease in the accuracy of the higher
harmonic transformation with an increasing frequency than in the case of the same value of
the load but with a power factor of 1. In the case of a resistive load, the shift of its working
position on the magnetisation curve toward saturation was only due to the increase in the
voltage on the leakage reactance of the secondary winding. The presented analyses showed
that the use of a resistive load resulted in significantly smaller values in the current error and
phase displacement of the higher harmonic transformation in the investigated frequency
range. The resistive loading of the secondary winding provided a wider frequency range of
operation with a given accuracy class determined for the 50 Hz (60 Hz) sinusoidal current
transformation than when using a resistive-inductive load.

Figure 6 presents the obtained percentages of the self-generated higher harmonics of
the secondary current by the tested 300 A/5 A CT. The tests were performed for resistive-
inductive and resistive loads equal to 100% and 25% SN, respectively.
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Figure 5. Comparison of the influence of the secondary winding of 25% of the rated load with power
factor 0.8 inductive and 1.0 of a 300 A/5 A CT on: (a) current error; (b) phase displacement.

The percentages of generated higher harmonics in the secondary current by the tested
inductive CT increased as the load increased. This was due to the shift of the working
position of the inductive CT on the magnetisation curve closer to the saturation region. In
the conditions when the primary current was high with SN, the highest values of the 3rd,
5th and 7th order occurred. In the conditions when the load of the secondary winding was
equal to 25% of the rated value, the changes in the primary current slightly affected the
small level of self-generation of these harmonics. The highest values of the 3rd, 5th and 7th
order harmonics occurred for 5% of the IN. This was due to the non-linear behaviour of
the inductive CT as well as for the low values of the magnetic field strength. The use of
a resistive-inductive load in the inductive CT caused a significant increase in the higher
harmonics generated in the secondary current. This resulted from the increased value of
the secondary voltage and, associated with it, an increase in the magnetic flux density of
the CT core.
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Figure 6. The levels of the generated harmonics in the secondary current by the inductive CT
determined for 25% of the rated load (a) and for a rated load (b) with the power factors 0.8 inductive
and 1.0.

4. Conclusions

To summarise, the most important scientific findings of this paper were that an in-
ductive load caused the deterioration of the transformation accuracy of an inductive CT
of distorted current harmonics and that a resistive load may ensure the operation of an
inductive CT with an accuracy class designated for the transformation of a sinusoidal
current with a frequency of 50 Hz with the same limiting values of current errors and
phase displacement. The increase in the frequency of the transformed harmonic when the
load power factor of the secondary winding was 0.8 inductive caused an increase in the
secondary voltage of the CT and an increase in the magnetic flux density in the magnetic
core. Therefore, it could result in a more significant deterioration of the transformation
accuracy of the inductive CT. A resistive load of the secondary winding of the CT could
be achieved in real operating conditions when the voltage of the shunt resistor was used
as the input signal for the analogue to digital converter of the power measuring device or
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protection apparatus. Moreover, an analysis of the level of the generated harmonics in the
secondary current by the 300 A/5 A inductive CT for the power factor 0.8 inductive and
1.0 showed a significant increase in the 3rd, 5th and 7th order higher harmonics when a
resistive-inductive load was used.
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