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Abstract: Power grids are a combined system where the electrical energy produced by the power
plants is transmitted to consumers. This forms a specific interdependence where the recipients have a
significant impact on the power quality. Therefore, the nonlinear loads connected by households and
industrial customers cause current and voltage distortion in the power networks. This creates the
need for accurate measurement of nonsinusoidal voltage and current composed not only from the
fundamental component but also containing higher harmonics, interharmonics, and subharmonics.
In order to ensure high transformation accuracy of distorted current and voltage, the inductive
instrument transformers have to be tested in these conditions. Many papers describe their behavior
during the transformation of sinusoidal current or voltage. Nowadays, the scientific field in this
scope is focused on the evaluation of their exploitation properties for distorted signals. The common
problem of inductive instrument transformers is the self-generation of low-order higher harmonics to
the secondary current or voltage. In the case of the inductive VTs, an additional problem results from
the resonance caused by the parasitic capacitance of the primary winding. The proposed solutions to
compensate for the values of current or voltage errors and phase displacement of inductive instrument
transformers are also analyzed.

Keywords: transformation accuracy; current transformer; voltage transformer; distorted current;
distorted voltage; higher harmonics; current error; voltage error; phase displacement; self-generation;
instrument transformer; resonance

1. Introduction

Power grids are a combined system where the electrical energy produced by the
power plants is transmitted to consumers. This forms a specific kind of system with
interconnected vessels, where the recipients have a significant impact on the power quality.
Therefore, an increasing number of nonlinear loads connected by households and industrial
customers cause current and voltage distortion in power networks. This creates the need
for the transformation of nonsinusoidal voltage and current composed not only from
the fundamental component but also containing higher harmonics, interharmonics, and
subharmonics [1–5]. Many papers describe their behavior during the transformation of
only sinusoidal current or voltage [6–9]. A new concept is to evaluate the long-period
accuracy and influence of the ambient temperature [10,11]. Nowadays, the scientific field in
this scope is focused on determining exploitation properties for distorted signals [3,12–15].
The transformation accuracy of the inductive CT and VT is strongly dependent on the
value and the power factor of the load of the secondary winding. Another aspect that has
a significant influence on the wideband accuracy of inductive CTs is the self-generation
of low-order higher harmonics to its secondary current [4,16–18]. This phenomenon is
caused by the nonlinearity of the magnetic core’s magnetization characteristic. It causes
additional distortion in the inductive CT’s secondary current, even for transformations
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of the sinusoidal current. Considering inductive VTs, the main factor influencing their
wideband accuracy is resonance [3,19–22]. However, self-generation may also be present
during the operation of inductive VTs [1,3,18,19]. Previously, over 15 years ago, the wide
frequency operation of inductive ITs was limited by the insufficient magnetic permeability
of higher frequency components of the current or voltage [14,23–26]. This was caused
by the poor quality SiFe magnetic material. In modern constructions of inductive CTs,
cold-rolled SiFe or permalloy tape NiFe is used, as well as composed magnetic cores from
electrotechnical steel SiFe and nanocrystalline tape FeCuNbSiB [25,27–29]. To improve the
wide frequency transformation characteristic of inductive ITs, compensation techniques are
used [30–34]. This requires active components for the control of the secondary current or
voltage and generates low-order higher harmonics in counterphase to the self-produced
ones as a result of the presence of the magnetic core. The required compensation RMS
values and phase angles of the self-generated higher harmonics by the inductive CT/VT
are measured for the transformation of the sinusoidal current/voltage with various loads of
the secondary winding. This approach has one significant disadvantage, the matrix of the
measured results is large and requires a high number of test points. This problem increases
if the influence of the low-order higher harmonics needs to be evaluated [17].

2. Nonlinear Behavior of Inductive CTs

The metrological properties of inductive CTs remain unaffected by the leakage in-
ductance and resistance of the primary winding during steady-state operation. This is
because the primary winding can be considered a current source. The dissipative field of
the primary winding only plays a role during transient conditions or in transformers with a
large air gap in the core. By ignoring the primary winding’s inductance and resistance, the
equivalent circuit comprises solely the elements of the secondary circuit and the magnetiz-
ing branch. Figure 1 illustrates this circuit while also considering a particular hk harmonic
of the distorted primary current.
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inductance of the windings; u2—instantaneous value of distorted secondary voltage; R″Fehk—
resistance representing the active power losses in the magnetic core; L″μhk—mutual inductance of 
the windings; R2—resistance of the secondary winding; Lr2—leakage inductance of the secondary 
winding; RL—resistance of the load connected to the secondary winding; LL—inductance of the load 

Figure 1. Equivalent circuit of inductive CT for transformation of distorted current. Where: i”1—
instantaneous value of distorted primary current; i2—instantaneous value of distorted secondary
current; i”0—instantaneous value of distorted excitation current; i”Fe—instantaneous value of dis-
torted current associated with active power losses in the magnetic core; i”µ—instantaneous value of
distorted magnetization current; u”µ—instantaneous value of distorted voltage on the mutual induc-
tance of the windings; u2—instantaneous value of distorted secondary voltage; R”Fehk—resistance
representing the active power losses in the magnetic core; L”µhk—mutual inductance of the wind-
ings; R2—resistance of the secondary winding; Lr2—leakage inductance of the secondary winding;
RL—resistance of the load connected to the secondary winding; LL—inductance of the load con-
nected to the secondary winding; CS—capacitance between terminals to the secondary winding;
P1/P2—primary winding terminals; S1/S2—secondary winding terminals.



Energies 2023, 16, 2648 3 of 17

Transformation errors in inductive CTs are predominantly caused by the excitation
current of the magnetic core. This is because the non-linear magnetization characteristics of
the core result in transformation accuracy being influenced by the magnetic flux density,
as well as the RMS values of primary current harmonics and the load of the secondary
winding. Inductive CTs without error compensation, in particular, secondary winding
turns correction, are characterized by negative current error values. In order to comply
with the requirements of the specific accuracy class, a common practice is to reduce the
number of turns of the secondary winding. The turns ratio of the inductive CT is then
not equal to the rated current ratio. As a result, the RMS value of the secondary current
is increased. Moreover, the magnetization characteristic of the magnetic core obtained
in the non-load state of the inductive CT is different from the equivalent magnetization
characteristic of the inductive CT determined for various loads of the secondary winding.
An example of three magnetization curves is presented in Figure 2.
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Figure 2. Operation points of the corrected inductive CT on the equivalent magnetization charac-
teristic of the magnetic core [35]. Where: TC LL—equivalent magnetization characteristic of CT
with applied turn correction determined for the low value of the load of the secondary winding; TC
HL—equivalent magnetization characteristic of CT with applied turn correction determined for the
high value of the load of the secondary winding; Non-load state—magnetization characteristic of
the magnetic core determined in the non-load state of CT; BHL120%—the value of the magnetic flux
density of the inductive CT obtained for 120% of the rated primary current and rated load of the
secondary winding; BHL100%—the value of the magnetic flux density of the inductive CT obtained for
100% of the rated primary current and rated load of the secondary winding; BHL20%—the value of the
magnetic flux density of the inductive CT obtained for 20% of the rated primary current and rated
load of the secondary winding; BHL5%—the value of the magnetic flux density of the inductive CT
obtained for 5% of the rated primary current and rated load of the secondary winding; BLL120%—the
value of the magnetic flux density of the inductive CT obtained for 120% of the rated primary current
and 25% of the rated load of the secondary winding; BLL100%—the value of the magnetic flux density
of the inductive CT obtained for 100% of the rated primary current and 25% of the rated load of the
secondary winding; BLL20%—the value of the magnetic flux density of the inductive CT obtained for
20% of the rated primary current and 25% of the rated load of the secondary winding; BLL5%—the
value of the magnetic flux density of the inductive CT obtained for 5% of the rated primary current
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and 25% of the rated load of the secondary winding; HHL120%—the value of the magnetic field
strength of the inductive CT obtained for 120% of the rated primary current and rated load of the
secondary winding; HHL100%—the value of the magnetic field strength of the inductive CT obtained
for 100% of the rated primary current and rated load of the secondary winding; HHL20%—the value
of the magnetic field strength of the inductive CT obtained for 20% of the rated primary current
and rated load of the secondary winding; HHL5%—the value of the magnetic field strength of the
inductive CT obtained for 5% of the rated primary current and rated load of the secondary winding;
HLL120%—the value of the magnetic field strength of the inductive CT obtained for 120% of the rated
primary current and 25% of the rated load of the secondary winding; HLL100%—the value of the
magnetic field strength of the inductive CT obtained for 100% of the rated primary current and 25%
of the rated load of the secondary winding; HLL20%—the value of the magnetic field strength of
the inductive CT obtained for 20% of the rated primary current and 25% of the rated load of the
secondary winding; HLL5%—the value of the magnetic field strength of the inductive CT obtained for
5% of the rated primary current and 25% of the rated load of the secondary winding.

Figure 2 shows the operation points of a corrected inductive CT on the equivalent
magnetization characteristic of the magnetic core for four rated primary current values.
As the load on the secondary winding rises, the inductive CT’s equivalent magnetization
characteristic approaches the shape of the magnetic core’s magnetization curve obtained
in the non-load state. The operating point for a primary current of 120% of the rated
value and rated secondary winding load (BHL120%, HHL120%) is positioned within the upper
knee region of the equivalent magnetization characteristic. As a result, the RMS values
of self-generated low-order higher harmonics increase. The same trend is noticed for low
percentage values of the rated primary current, where the operating point is located near
the lower knee of the equivalent magnetization characteristic. This occurrence alters the
current error and phase displacement values measured for the low-order higher harmonic
based on its phase angle relative to the transformed distorted current’s main component.
Figure 3 shows the range of current error and phase displacement values for the low-order
higher harmonics from the 2nd to the 15th, computed for 100% of the rated current and
rated load of the secondary winding.
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Each of the low-order higher harmonics self-generated to the secondary current of
the inductive CT are added with the same frequency higher harmonic present in the
transformed distorted primary current. Therefore, its RMS value in the secondary current
depends on their mutual phase angle, which depends on the phase angle of the transformed
higher harmonic in relation to the main component of the distorted primary current. In
order to determine all possible values of the current errors and phase displacement for a
given higher harmonic, it is necessary to smoothly adjust this phase angle. Obtained values
will be in between the most positive (+) and the most negative (−) values of the current
error and phase displacement determined for the phase angle when the self-generated and
the transformed harmonics are in phase or antiphase, respectively.

In Figure 4, the concept of the most positive (+) and the most negative (−) values of
the current error and phase displacement is further explained. In the presented case, the
results of the evaluation of the transformation accuracy of the distorted primary current
containing a main component of frequency at 50 Hz and one higher harmonic of frequency
from 100 Hz to 750 Hz by the inductive CT with a current ratio equal to 300 A/5 A are
shown. The conditions of its operation are essential for accuracy. Therefore, it is required to
define that, to the secondary winding, its rated resistance is connected. The RMS value of
the higher harmonics is equal to 10% of the main component.

The presented results show that for each RMS value of the distorted primary current
different most positive (+) and most negative (−) values of current error and phase dis-
placement are determined. In the tested frequency range of higher harmonics of order
ranging from the 2nd to 15th, the self-generation of the low-order higher harmonics is the
most significant factor that determined the wideband accuracy of the inductive CT. In this
case, depending on the phase angle of the transformed higher harmonic in relation to the
main component of the value of current error for the third-order harmonic, it changes from
−1.2% to 0.9% for 120% of the rated RMS value of the primary current. In these conditions,
the value of phase displacement changes from 0.05◦ to 0.73◦. This is a typical situation for
inductive CTs.
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To show how the value of the secondary winding load resistance influences the results
in Figure 5, the most positive (+) and most negative (−) values of (a) current error and
(b) phase displacement determined for the same inductive CT with the 25% of the rated
resistive load of the secondary winding are presented.
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A decrease in the load resistance of the secondary winding of the inductive CT typically
causes a decrease in the RMS values of the self-generated low-order higher harmonics to
the secondary current. Therefore, the change between the most positive (+) and the most
negative (−) values of current error and phase displacement is also significantly smaller.

To define the worst possible transformation accuracy of the distorted current har-
monics by the inductive CT, the maximum absolute values of the current error and phase
displacement should be determined, as presented in Figure 6. These are the highest abso-
lute values chosen from the most positive (+) and the most negative (−) values of current
error and phase displacement determined for a given RMS value of the primary current
and load of the secondary winding.
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Figure 6. The highest absolute values of (a) current error and (b) phase displacement determined for
inductive CT 300 A/5 A with 25% of the rated resistive load of the secondary winding [4].

The defined maximum absolute values of the current error and phase displacement
presented in Figure 6 are the highest absolute values chosen from the most positive (+)
and the most negative (−) values of the current error and phase displacement presented
in Figure 5. These results are analyzed for 5%, 20%, 100%, and 120% of the rated RMS
value of the primary current and 25% of the rated resistive load of the secondary winding.
The procedure should be repeated for the rated load of tested inductive CT 300 A/5 A.
During the evaluation of the distorted current transformation accuracy, these maximum
absolute values of the current error and phase displacement should be considered as ±
values because some positive and negative values from 0 up to this limit may be obtained.

Another aspect that may affect the high transformation accuracy of the distorted
currents by the inductive CTs is the power factor of the load connected to its secondary
winding. The frequency characteristics of the current error (a) and phase displacement (b)
for inductive CT with a rated current ratio of 300 A/5 A are shown in Figure 7. The results
are presented for two load power factors equal to 0.8 ind. (dashed lines) and 1 (solid lines),
The analysis involves four different primary current values, which correspond to 5%, 20%,
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100%, and 120% of the rated value. The results of the tests and analyses are focused on the
transformation of distorted current containing a main component of 50 Hz frequency and a
single higher harmonic ranging from 100 Hz to 5 kHz.
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The analysis of the results from Figure 7 shows that the values of current error and
phase displacement determined for higher harmonics increase much more rapidly with
frequency when the load power factor is 0.8 inductive. In contrast, when the load has the
same impedance but a power factor of 1, the increase in these values is not as significant with
increasing frequency. The shift in the inductive CT’s operating point on the magnetization
characteristic of the magnetic core towards saturation is the main cause of this phenomenon,
especially for resistive–inductive load of the secondary winding. However, for the resistive
load, the increase in the transformed higher harmonic’s leakage reactance of the secondary
winding is the only cause of this behavior, as it increases with frequency. If the load
power factor is 0.8 inductive, the reactance of the load also increases with the frequency
of the transformed higher harmonic. The self-generation of low-order harmonics in the
secondary current of the inductive CT can have a major impact on the accuracy of harmonic
transformation up to the 13th order. For higher-order harmonics up to 100th, the accuracy
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depends on the mutual inductance between the CT windings L”µhk and the resistance
representing the active power losses R”Fehk in the magnetic core. Decreasing these values
with increasing harmonic frequency leads to an increase in the RMS values of the reactive
I”µhk and active I”Fehk components of the core excitation current, resulting in higher current
errors and phase displacement.

The presented analysis indicates that using a resistive load for the secondary winding
of the inductive CT results in significantly lower values of current error and phase displace-
ment for the transformation of the higher-order harmonics in the investigated frequency
range. The resistive load ensures a wider frequency range of operation for the inductive
CT with the accuracy class defined for the transformation of sinusoidal currents of 50 Hz
(60 Hz) frequency.

Figure 8 presents a comparison of the percentage values of the self-generated low-
order higher harmonics for an inductive CT 300 A/5 A with two different power factors
and two secondary winding load values.
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The investigation of the percentage values of the self-generated low-order higher
harmonics by the inductive CT is important as it corresponds to its non-linear behavior.
Therefore, it may not be appropriate for wideband operation due to the low transformation
accuracy of the third, fifth, and seventh higher harmonics. This possibility is detected up to
the order 13th with the main frequency of the distorted primary current equal to 50 Hz.
Typically, the self-generated higher harmonics are significantly lower for the case with
the load of the secondary winding decreased to 25% of the rated value. Moreover, the
resistive–inductive loads of the secondary winding of the inductive CT cause an increase in
the percentage values of the self-generated low-order higher harmonics.

3. Inductive VT’s Resonance for Higher Harmonics of the Distorted Voltage

The main factor that determines the wideband accuracy of the inductive VTs is res-
onance [3,19–22]. Of course, an increase in the leakage reactances with the frequency of
the transformed higher harmonics causes an additional increase in the voltage drop on
its windings. Therefore, the values of voltage error and phase displacement for the trans-
formation of the distorted primary voltage higher harmonics also increase up to a few or
tens of percent values or degrees, respectively. However, the resonance may occur for the
low-order higher harmonic of distorted primary voltage, e.g., the fifth, causing the values
of voltage error and phase displacement to increase to, e.g., 500% or ±100◦. The frequency
mainly depends on the number of turns of the primary winding affecting the size of the
primary winding cross section and resulting from the RMS value of the rated primary
voltage of the inductive VT [3]. It is very important to notice that inductive VT may have
more than one resonance frequency. Therefore, its equivalent circuit for transformation of
distorted voltage must reflect the partial resistance, leakage inductance, and capacitance of
each layer of the inductive VT’s primary winding (Figure 9).
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Figure 9. The equivalent circuit of the inductive VT for transformation of distorted voltage [3].
The following abbreviations are used: u”1—instantaneous value of distorted primary voltage;
u2—instantaneous value of distorted secondary voltage; R”1n/R”12/R”11—partial resistance
of the primary winding; L”1n/L”12/L”11—partial leakage inductance of the primary winding;
C”T1n/C”T12/C”T11—partial equivalent capacitance between the primary and secondary windings;
C”G1n/C”G12/C”G11—partial equivalent capacitance of the primary winding to the ground; A/B(N)—
terminals of the primary winding; a/b(n)—terminals of the secondary winding; R”Fe—resistance
representing the active power losses in the magnetic core; L”µ—mutual inductance of the windings;
R2—resistance of the secondary winding; L2—leakage inductance of the secondary winding.

According to the analysis presented in papers [3,36], the parasitic capacitance and
leakage inductance of the primary winding of the inductive VT are divided into parts to
properly reproduce its multi-resonance properties. The conductive path to ground of each
layer of the primary winding is formed by the partial equivalent capacitance of the primary
winding to ground, which results from the parasitic capacitance between each layer of
the winding. The equivalent capacitance between the primary and secondary windings is
caused by the parasitic capacitances between turns of the windings connected in series, and
its value depends on the thickness of the insulation layer between them. The equivalent
circuit indicates that the resistive–inductive load of the secondary winding of the inductive
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VT will have a positive influence on its limiting frequency of operation. This is because it
will cause a decrease in the secondary current higher harmonic component, limiting the
increase in the voltage drop on the reactance of the windings with the frequency of the
transformed higher harmonic.

In Figure 10, the comparison of the highest absolute values of the voltage error and
phase displacement determined for five medium-voltage (MV) inductive VTs is presented.

Energies 2023, 16, x FOR PEER REVIEW 12 of 18 
 

 

 
Figure 9. The equivalent circuit of the inductive VT for transformation of distorted voltage [3]. The 
following abbreviations are used: u″1—instantaneous value of distorted primary voltage; u2—
instantaneous value of distorted secondary voltage; R″1n/R″12/R″11—partial resistance of the primary 
winding; L″1n/L″12/L″11—partial leakage inductance of the primary winding; C″T1n/C″T12/C″T11—
partial equivalent capacitance between the primary and secondary windings; C″G1n/C″G12/C″G11—
partial equivalent capacitance of the primary winding to the ground; A/B(N)—terminals of the 
primary winding; a/b(n)—terminals of the secondary winding; R″Fe—resistance representing the 
active power losses in the magnetic core; L″μ—mutual inductance of the windings; R2—resistance 
of the secondary winding; L2—leakage inductance of the secondary winding. 

According to the analysis presented in papers [3,36], the parasitic capacitance and 
leakage inductance of the primary winding of the inductive VT are divided into parts to 
properly reproduce its multi-resonance properties. The conductive path to ground of each 
layer of the primary winding is formed by the partial equivalent capacitance of the 
primary winding to ground, which results from the parasitic capacitance between each 
layer of the winding. The equivalent capacitance between the primary and secondary 
windings is caused by the parasitic capacitances between turns of the windings connected 
in series, and its value depends on the thickness of the insulation layer between them. The 
equivalent circuit indicates that the resistive–inductive load of the secondary winding of 
the inductive VT will have a positive influence on its limiting frequency of operation. This 
is because it will cause a decrease in the secondary current higher harmonic component, 
limiting the increase in the voltage drop on the reactance of the windings with the 
frequency of the transformed higher harmonic. 

In Figure 10, the comparison of the highest absolute values of the voltage error and 
phase displacement determined for five medium-voltage (MV) inductive VTs is 
presented. 

(a) 

 

Energies 2023, 16, x FOR PEER REVIEW 13 of 18 
 

 

(b) 

 
Figure 10. Comparison of the highest absolute values of the (a) voltage error and (b) phase 
displacement determined for inductive VTs [3]. 

In Figure 10, the results labeled VT1 and VT2 concern the transformation accuracy 
tests of distorted voltage transformation performed on the indictive VTs with rated 
primary voltage equal to 15 kV/√3, while VT3, VT4, and VT5 refer to results obtained for 
20 kV/√3 units. In the presented case, the distorted primary voltage contains a main 
component of frequency at 50 Hz and one higher harmonic frequency from 100 Hz to 5 
kHz. The conditions of inductive VT operation are essential for the determined accuracy. 
Therefore, it is required to define that, to the secondary winding, no additional load is 
connected, except the measuring apparatus with above 1 MΩ impedance. The RMS value 
of the higher harmonics is equivalent to 10% of the main component. The presented results 
indicate different levels of accuracy in the transformation of distorted voltage higher 
harmonics among the MV inductive VTs. For three units of inductive VTs with a rated 
primary voltage of either 15 kV/√3 or 20 kV/√3, resonance is the primary factor that affects 
their wideband accuracy. In the other cases, the increase in the leakage reactances with 
the frequency of the transformed higher harmonics causes an additional increase in the 
voltage drop on their windings. Therefore, the values of voltage error and phase 
displacement for the transformation of the distorted primary voltage higher harmonics 
also increase up to a few or tens of percent or degrees, respectively. 

4. Summary of the Results of the Inductive IT’s Transformation Accuracy Evaluation 
for Distorted Signals 

The increase in the frequency of the transformed higher harmonic causes a decrease 
in the magnetic permeability of a used magnetic core, leading to an increase in 
current/voltage error and phase displacement [34,37–39]. However, wide frequency 
operation of inductive voltage transformers (VTs) or current transformers (CTs) up to 
several or dozens of kHz can be ensured by using silicone steel (VT) or permalloy as well 
as composed magnetic cores from electrotechnical steel and nanocrystalline material (CT) 
[25,27–29]. 

The transformation accuracy of higher harmonics by the inductive VTs is limited by 
the resonance phenomenon. Its frequency mainly depends on the size (number of turns 
and layers) of the primary winding resulting from the required RMS value of their rated 
primary voltage [3,36]. Thus, while 15 kV inductive VTs may ensure wide frequency 
operation up to 5 kHz, an increase in the RMS value of the primary voltage may result in 
a decrease in the resonance frequency to only 250 Hz for HV units such as 420 

Figure 10. Comparison of the highest absolute values of the (a) voltage error and (b) phase displace-
ment determined for inductive VTs [3].

In Figure 10, the results labeled VT1 and VT2 concern the transformation accuracy
tests of distorted voltage transformation performed on the indictive VTs with rated primary
voltage equal to 15 kV/

√
3, while VT3, VT4, and VT5 refer to results obtained for 20 kV/

√
3

units. In the presented case, the distorted primary voltage contains a main component
of frequency at 50 Hz and one higher harmonic frequency from 100 Hz to 5 kHz. The
conditions of inductive VT operation are essential for the determined accuracy. Therefore,
it is required to define that, to the secondary winding, no additional load is connected,
except the measuring apparatus with above 1 MΩ impedance. The RMS value of the higher
harmonics is equivalent to 10% of the main component. The presented results indicate
different levels of accuracy in the transformation of distorted voltage higher harmonics
among the MV inductive VTs. For three units of inductive VTs with a rated primary voltage
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of either 15 kV/
√

3 or 20 kV/
√

3, resonance is the primary factor that affects their wideband
accuracy. In the other cases, the increase in the leakage reactances with the frequency of
the transformed higher harmonics causes an additional increase in the voltage drop on
their windings. Therefore, the values of voltage error and phase displacement for the
transformation of the distorted primary voltage higher harmonics also increase up to a few
or tens of percent or degrees, respectively.

4. Summary of the Results of the Inductive IT’s Transformation Accuracy Evaluation
for Distorted Signals

The increase in the frequency of the transformed higher harmonic causes a decrease in
the magnetic permeability of a used magnetic core, leading to an increase in current/voltage
error and phase displacement [34,37–39]. However, wide frequency operation of inductive
voltage transformers (VTs) or current transformers (CTs) up to several or dozens of kHz
can be ensured by using silicone steel (VT) or permalloy as well as composed magnetic
cores from electrotechnical steel and nanocrystalline material (CT) [25,27–29].

The transformation accuracy of higher harmonics by the inductive VTs is limited
by the resonance phenomenon. Its frequency mainly depends on the size (number of
turns and layers) of the primary winding resulting from the required RMS value of their
rated primary voltage [3,36]. Thus, while 15 kV inductive VTs may ensure wide frequency
operation up to 5 kHz, an increase in the RMS value of the primary voltage may result in a
decrease in the resonance frequency to only 250 Hz for HV units such as 420 [3,19,20,37,40].
In such cases, the voltage error and phase displacement may increase to large values (e.g.,
500%, ±100◦). Without resonance, the values of voltage error and phase displacement
may increase with frequency up to a few percent and degrees, respectively [3,41]. In
inductive VTs, the self-generation phenomenon is less significant than in inductive CTs
because the measuring units typically operate in the linear region of the magnetization
characteristic of the magnetic core. The values of the voltage error and phase displacement
of the transformation of the low-order higher harmonic may increase by about ±0.2% and
±0.2◦, respectively [3,18].

In the case of inductive CTs, the transformation accuracy for distorted current may
be significantly deteriorated by the self-generation phenomenon of the low-order higher
harmonics. The values of current error and phase displacement may reach about±1.5% and
±1.5◦, respectively [4,17,18,32]. However, the high transformation accuracy of distorted
currents was confirmed in the case of the inductive CT class 0.2S, where the values of
current error and phase displacement in the frequency range of harmonics from 50 Hz
up to 5 kHz did not exceed the limits defined for the transformation of sinusoidal current
of frequency 50 Hz [4]. Additionally, it is possible to make inductive CTs with values of
current error and phase displacement that do not exceed ±0.1% and ±0.1◦, respectively, in
the frequency range of harmonics from 50 Hz up to 5 kHz [42]. When an inductive CT is
operating with a 0.8 inductive power factor of its secondary winding’s load, the RMS values
of the self-generated low-order higher harmonics may significantly increase. Additionally,
as the frequency of transformed higher harmonics increases, the secondary voltage of the
inductive CT will also increase. This will cause an increase in the values of current error
and phase displacement as the magnetic flux density in the magnetic core increases [12,43].
Therefore, the resistive load ensures a wider frequency range of operation.

5. Error Correction Methods

Many of the papers present solutions to correct the values of current or voltage errors
and phase displacements of inductive CTs and VTs during their operation in distorted con-
ditions [33,34,44–46]. The majority of them concentrate on inductive voltage transformers
(VTs), where the impact of the magnetic core’s non-linear characteristics is less significant,
resulting in a relatively low level of self-generated low-order higher harmonics in the
secondary voltage. The presented method in paper [33] is based on the linear approxima-
tion of the inductive VT’s secondary voltage by the defined frequency response function.
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In the first step, such function is estimated for the power amplifier and step-up voltage
transformer that supply the primary winding of tested inductive VT by injecting a random
phase multisine signal [47]. In the next step, the quasi-sinusoidal multisine signals with
50 Hz main frequency are sampled from the defined probability density functions. These
signals are used to supply the tested VT while the primary and secondary steady-state
voltages are measured. The discrete Fourier transform is used to compute the input and
output frequency spectrum. The defined numerical models are used to compensate for the
response of the inductive VT. Another approach presented in paper [37] is the application
of the digital filter to enable compensation of the frequency response of inductive VTs. This
requires an additional device in which the frequency characteristic of voltage error and
phase displacement of tested VT are implemented. Therefore, the secondary voltage is
modified by the voltage generated by this device with counter-phase harmonics. Their RMS
values and phases are measured for various RMS values of transformed sinusoidal voltage
and chosen loads of the secondary winding. The paper [45] presents a frequency-domain
nonlinear model of the inductive VT based on a simplified Volterra model. The number
of coefficients in comparison with the standard model is reduced. This ensures faster
identification procedures and computing. The proposed approach evaluates bandwidth
limitations and nonlinearity of the magnetic characteristic of the magnetic core. Thus, it can
be applied to determine the behavior of any kind of VT. Another approach shown in [34]
is based on the implementation of the mapping function between the secondary and pri-
mary sides of the tested inductive VT and compensation for its accuracy even in nonlinear
operating conditions. In case of the inductive CTs, the compensation methods are more
difficult to implement due to the strong influence of the nonlinear behavior of the magnetic
core. In paper [46], the compensation method is proposed that is based on the polynomial
modeling of the harmonic distortion. Utilization of the least-squares approach results in
easier implementation and low computational complexity of this method. However, for
the best performance, each inductive CT has to be individually characterized in specified
conditions. Therefore, the RMS values of the individual higher harmonics in the secondary
current must be determined for all possible conditions, including the change in the RMS
values of the primary current, its harmonic content, as well as the value and power factor
of the load. The disadvantage of this method is that it requires aggregation of 2500 current
waveforms for the compensation lookup table. In paper [32], this compensation method
is called SINDICOMP. In the first stage, the tested inductive CT is characterized for the
transformation of sinusoidal currents of the rated frequency where the harmonic content of
the distorted secondary current is measured. In the second stage, determined phasors of
higher harmonics are used to compensate for the frequency response. A similar approach is
presented in paper [31], where the compensation factors of the inductive CT are determined
using a frequency domain model based on tensor linearization. To obtain a real-value
compensation matrix, the tested inductive CT is characterized for the transformation of
sinusoidal currents of the rated frequency where the higher harmonics phasors are deter-
mined. A similar solution is presented in [48]. However, it uses a developed algorithm
with determined coefficients under various operating conditions of the tested inductive CT.
The input values are the RMS values and phase angles of individual harmonics recorded
for various RMS values of the primary current of the rated frequency. In papers [49,50], the
compensation technique of the DC component is studied. The presented solution is based
on the measurement of the frequency spectrum of the inductive CT’s secondary current,
and then required to eliminate the 2nd harmonic DC current is injected to the compensated
CT’s secondary winding. The proposed idea has two disadvantages: an expensive lock-in
amplifier is required, and the presence of a second harmonic in the primary current will
be also compensated in the secondary current. An effective solution for this problem is
fluxgate sensors [51,52].
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6. Conclusions

This review article discusses advanced works devoted to the characterization of the
inductive voltage and current transformers’ transformation accuracy of distorted currents
and voltages. The presented results and cited references show that conventional instrument
transformers may ensure the required transformation accuracy not only for the sinusoidal
currents of the rated frequency 50 Hz/60 Hz but also for the higher harmonic components
of distorted currents/voltages. Proposed compensation techniques are necessary only
for poor-quality inductive instrument transformers. Additionally, these methods increase
complexity and cost of the measuring circuit. A better solution is to properly design the
inductive instrument transformer, including the application of modern magnetic materials,
oversizing of the magnetic core (inductive CT), and reduction in the number of turns of
the primary winding (inductive VT). Typical inductive instrument transformers designed
for the transformation of the sinusoidal current/voltage may ensure, in the frequency
range of higher harmonics from 50 Hz to 5 kHz, ±0.5%/±0.5◦ transformation accuracy
in the case of the inductive CTs and ±5%/±5◦ in the case of the MV inductive voltage
transformers. The challenges of accurate measurement of distorted current and voltage in
the power grid by conventional instrument transformers are self-generation and resonance
phenomena. Additional distortion of the secondary current by the inductive CTs is much
more significant and important for their transformation accuracy of the low-order higher
harmonics than self-distortion of the secondary voltage by the inductive VTs. Recent
studies show that the resonance was only detected in the case of the inductive VTs, and it
concerns the transformation of higher harmonics of distorted voltage by the medium and
the high voltage units. Moreover, the power factor of the secondary winding’s load of the
inductive IT may significantly affect its limiting frequency of the wideband operation with
the required maximum values of ratio error and phase displacement.
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