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Abstract: In the case of the inductive voltage transformer (VT), the resonance phenomenon may be
the main reason for its poor transformation accuracy of the non-sinusoidal voltage. This problem
mainly results from the leakage inductance and the parasitic capacitance of its primary winding. The
application of the sinusoidal voltage with a frequency from 20 Hz to 20 kHz presented in this study
ensures proper identification of the resonance frequencies of the medium-voltage (MV) inductive VTs.
The results are consistent with the values obtained in the reference condition at their nominal primary
voltage. Therefore, it is proven that the proposed solution is effective in all cases. The influence of
the main frequency variation of the non-sinusoidal primary voltage on the resonance properties of
the inductive VT is also studied. Moreover, the tests indicate that the capacitance of the load of the
secondary winding may cause a decrease in their resonance frequency.

Keywords: inductive voltage transformer; non-sinusoidal medium voltage; higher harmonics;
resonance for harmonic; sinusoidal voltage of increased frequency

1. Introduction

The resonance phenomena that comes from the simultaneous existence of inductance
and capacitance in the primary winding causes the inductive VTs poor transformation accu-
racy of higher harmonics [1–5]. Moreover, the slow and the fast front transient phenomena
may be the reason for overvoltages on their secondary windings [2,6]. The inductive VTs
are the nonlinear devices due to the nonlinear B(H) curve (relation of the magnetic flux
density to the magnetic field strength) of their magnetic core [7]. If the inductive VTs are
used, this may cause deterioration of the measurement accuracy of power quality, harmonic
synchrophasors, and residual voltage [8–13]. To detect this problem, their transformation
accuracy of higher harmonics is examined. Of course, voltage dividers and electronic
VT may be used in the power grid, but still, the inductive VTs are most common [14–16].
There are the methods proposed in the literature for such an evaluation [10,17–21]. In the
edition of the IEC 61,869 standard from the year 2007, there are no requirements to test the
inductive instrument transformers’ accuracy at higher harmonics [22,23]. However, in its
latest draft, the optional requirements for transformation accuracy of higher harmonics
for inductive VT are proposed. Typically, inductive VT transformation accuracy of har-
monics is evaluated with the reference to the wideband voltage divider [17–21]. Secondary
voltages are compared using two synchronous A/D converters. The FFT conversion is
applied to calculate the RMS values of harmonics and their phase angle. To increase the
accuracy of the method, differential voltage between high potential terminals of the VT
secondary winding and output of divider can be measured [17]. In the paper [20], the
sinusoidal voltage is used for their wideband characterization of transformation accuracy.
However, the problem caused by the self-generation of the low-frequency harmonics into
the secondary voltage due to the nonlinearity of the magnetization characteristic of the
magnetic core is not considered [2]. This phenomenon is much less important than in the
case of the inductive CT, but still, the change in the determined values of ratio error and
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phase displacement with the phase angle of the transformed higher harmonic in relation to
the main harmonic of distorted primary voltage may be significant [24,25]. Therefore, up
to 650 Hz, such an approach is not accurate and may introduce significant measurement
uncertainty of the values of voltage error and phase displacement.

The presented study concerns the application of sinusoidal voltage of the RMS value
equal to 100 V to determine the resonance frequency(ies) of the VTs as a simultaneous
peak of the values of voltage error and phase displacement. These are very high values
and, therefore, easily measurable, which is significant to ensure the high reliability of the
proposed method. The novelty and contribution of this work is to present the simplified
solution to detect the resonance frequency and to show the low accuracy of this approach in
determining the transformation accuracy of inductive VTs for higher harmonics of distorted
primary voltage. The results of the sinusoidal approximation of the transformation charac-
teristics of harmonics are compared with the values obtained from the reference method,
when the transformation accuracy of VT for the non-sinusoidal voltage at a nominal RMS
value is evaluated. The values of voltage error and phase displacement determined for
transformation of the sinusoidal voltage and harmonics of the distorted voltage at its rated
RMS value are different due to the nonlinearity of the B(H) curve of the inductive VT. It
is proven that the proposed solution is effective in the case of all tested inductive VTs,
since the resonance phenomenon is caused by the parasitic capacitance and the leakage
inductance of the primary winding, which are independent of the applied voltage [1,2,4].
The influence of the main frequency variation of the non-sinusoidal primary voltage on
the transformation accuracy of harmonics is also tested. If the frequency of the higher
harmonic is close to the resonance frequency of inductive VT, where the maximum values
of voltage error and phase displacement are obtained, it causes significant change in its
transformation accuracy. The frequency of the higher harmonic may not be exactly the same
as the resonance frequency. Therefore, the values of voltage error and phase displacement
measured for the higher harmonic of distorted primary voltages with a different main
frequency obtain various values close to the resonance frequency detected by the sinusoidal
test. Furthermore, this research indicates that the capacitance of the load of the secondary
winding may decrease the first resonance frequency of the MV inductive VT. Moreover, the
harmonics transformation accuracy of two manufactured units of the inductive VTs with
the same voltage ratio and nominal frequency 50 Hz was compared. The highest values
of the difference in transformation accuracy were obtained for 3rd-, 5th-, and 7th-order
harmonics and at their highest tested frequency up to 5 kHz. At low frequencies, it results
from the self-generation of these harmonics. At high frequencies, it is the effect of the
different values of the primary windings parasitic capacitances of tested VTs. The most
important factors causing the limitation of the frequency band of operation of the inductive
VT are the high values of the parasitic capacitance and the leakage inductance of its primary
winding. Therefore, if more turns of the primary winding are required, the frequency of
resonance is lower.

2. The Laboratory Setup and Tests Conditions

During the research, the inductive VTs with the nominal primary voltage: (15/
√

3) kV,
15 kV, (20/

√
3) kV, and 20 kV were tested. Their nominal secondary voltage was equal

to (100/
√

3) V or 100 V, respectively. Accuracy class of tested inductive VTs was 0.5. The
measurement system that was used is shown in Figure 1.

In Figure 1, the following abbreviations are used: AWG—arbitrary waveform genera-
tor, PA—power amplifier, DA—differential amplifier, DPM—digital power meter, RVD—
reference voltage divider, TVT—tested voltage transformer, SVT—step-up voltage trans-
former, and CLo—load capacitor.
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Figure 1. The laboratory setup: (a) diagram, (b) photo.

The laboratory setup presented in Figure 1 has two configurations. The first one
(black solid lines, Figure 1a) is used for evaluation of the transformation accuracy of the
non-sinusoidal voltage by tested VT (TVT). The measurement uncertainty of this devel-
oped differential method for testing the transformation accuracy of harmonics of distorted
voltage by medium-voltage instrument transformers is discussed in the paper [17]. The
expanded combined measurement uncertainties of the values of ratio error and phase dis-
placement with the coverage factor equal to 2 (level of confidence of about 95%) determined
in this case for ±0.1%\±0.1◦ are equal to [17]:

• 50 Hz: ±0.015%\±0.013◦;
• 5 kHz: ±0.071%\±0.137◦.
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The expanded combined measurement uncertainties of ratio error and phase displace-
ment when differential measuring system are used, and the determined values equal to
±5.0%\±5.0◦ are:

• 50 Hz: ±0.104%\±0.171◦;
• 5 kHz: ±0.216%\±0.338◦.

In this case, the source of uncertainty results from the accuracy of used equipment
including the RVD and the DPM and, additionally, from the DA.

The second configuration (blue dashed lines, Figure 1a) is used for testing the transfor-
mation accuracy of sinusoidal voltage. The expanded combined measurement uncertainties
of the values of ratio error and phase displacement with the coverage factor equal to 2
(level of confidence of about 95%) determined in this case irrespective of the measured
values are equal to [17]:

• 50 Hz: ±0.507%\±0.535◦;
• 5 kHz: ±0.178%\±2.160◦.

The source of uncertainty results from the accuracy of used equipment the RVD
and the DPM. The differential method is characterized by the lower expanded combined
measurement uncertainties in relation to the used method for sinusoidal voltages where
two values from two channels of DPM are compared. Therefore, the results from this
method are used as reference values for measurements with the sinusoidal voltage applied
for the detection of the resonance in inductive VTs.

Optionally, if required by the test procedure the capacitor (CLo) is connected to its
secondary winding (red solid lines, Figure 1a). The value 1 µF is chosen in order to cause
the change in the resonance frequency of tested VT in an analyzed range up to 5 kHz.
To generate non-sinusoidal supply voltage with an adjustable level of harmonics, the
power amplifier (PA) with the arbitrary waveform generator (AWG) is used [26,27]. To
step-up the non-sinusoidal voltage, one unit of the inductive VT (SVT) is used [17]. The
non-sinusoidal voltage during the test is composed of the main component of frequency
50 Hz and a single higher frequency harmonic up to 5 kHz. The percentage value of the
higher harmonic is equal to 10% of the main component for all tested frequencies. Its phase
angle with respect to the main component is equal to 0, but for the harmonics up to the
frequency of 650 Hz, it is changed in 10◦ steps [17]. The differential amplifier (DA) is used
to convert the differential voltage between TVT and the reference voltage divider (RVD) to
the single-ended voltage [28–31]. The measurements are made by the digital power meter
(DPM). The voltage error [%] is defined by the following equation [23]:

∆U =
UTVT −URVD

URVD
× 100% (1)

UTVT/URVD—the RMS value of the sinusoidal voltage or a harmonic of the non-
sinusoidal voltage in the secondary/output voltage of the TVT/RVD.

Phase displacement [◦] is defined by the following equation [23]:

ϕU = ψUTVT − ψURVD (2)

ψUTVT—the phase angle of sinusoidal voltage or a harmonic component in the sec-
ondary voltage of TVT with respect to the reference sinusoidal voltage from RVD or the
main component of the non-sinusoidal voltage.

ψURVD—the phase angle of sinusoidal voltage or a harmonic in the output of RVD
with respect to its main component.

3. The Results of the Research

In Figure 2, the comparison of the transformation accuracy determined for harmonics
of the non-sinusoidal primary voltage and sinusoidal voltage in the case of TVT with the
nominal 20 kV primary voltage is presented.
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Figure 2. Comparison of the transformation accuracy of the 20 kV VT for harmonics of the non-sinusoidal and sinusoidal
primary voltage: (a) voltage error, (b) phase displacement.

In Figure 2, the dots labeled “50 Hz”, “49 Hz”, and “51 Hz” present the results of
the transformation accuracy of a given harmonic with the main component of frequencies
50 Hz, 49 Hz, and 51 Hz, respectively. If the 1st harmonic frequency is equal to 50 Hz,
the frequency of the 10th harmonic is equal to 500 Hz, while if it is equal to 51 Hz or
49 Hz, it is equal to 510 Hz or 490 Hz. The curve labeled “sin. app.” concerns sinusoidal
approximation of transformation accuracy for harmonics of distorted voltage determined
for the transformation of sinusoidal primary voltage. Consistency of the results for the
harmonic of non-sinusoidal voltage and sinusoidal voltage confirms the effectiveness of
proposed solution to determine resonance frequencies of medium-voltage inductive VTs.
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Furthermore, the successful implementation of this low-voltage solution demonstrates that
the issue is caused by the existence of capacitances and inductances in the primary winding
and does not concern the magnetic core and its nonlinear B(H) curve [1,2,32].

In Figure 3, the comparison of the values of voltage error and phase displacement
determined for harmonics of the non-sinusoidal primary voltage and sinusoidal voltage in
the case of the VT with the 15 kV nominal primary voltage is presented.

Figure 3. Comparison of the transformation accuracy of the 15 kV VT for harmonics of the non-sinusoidal and sinusoidal
primary voltage: (a) voltage error, (b) phase displacement.
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The change in the frequency of the higher harmonic resulting from the variation of
the frequency of the main component of non-sinusoidal voltage in the case of resonance
causes a significant change in its transformation accuracy. This is due to the high slope of
the curves in Figure 3. However, the application of the sinusoidal voltage enables us to
accurately determine the maximum values of voltage error and phase displacement with
10 Hz steps.

In Figure 4, the comparison of the values of voltage error and phase displacement
determined for harmonics of the non-sinusoidal primary voltage and sinusoidal voltage in
the case of the inductive VT with the (20/

√
3) kV nominal primary voltage is presented.

Figure 4. Comparison of the transformation accuracy of the (20/
√

3) kV VT for harmonics of the non-sinusoidal and
sinusoidal primary voltage: (a) voltage error, (b) phase displacement.

In Figure 4, the dots labeled “50 Hz (+)” and “50 Hz (−)” present the results of
transformation accuracy of a given harmonic with the main component of frequency 50 Hz.
The notation (+) means that the maximum positive values of voltage error and phase
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displacement are determined. While, the notation (−) means that the maximum negative
values of voltage error and phase displacement are determined. The difference in these
values results from the nonlinear B(H) curve of tested inductive VT magnetic core and
self-generation of low-order higher harmonics to its secondary voltage. Therefore, it is
required that, in this case, in the frequency range up to 500 Hz, the results were analyzed
in more detail (Figure 5).

Figure 5. Comparison of the transformation accuracy up to 500 Hz of the (20/
√

3) kV VT for harmonics of the non-sinusoidal
and sinusoidal primary voltage: (a) voltage error, (b) phase displacement.

It results from Figure 5 that self-generation of the harmonics by this inductive VT
causes significant changes in its transformation accuracy up to 500 Hz. The values of
voltage error and phase displacement vary about 0.4%/◦. Moreover, the results of the
measurements for the sinusoidal voltage are inaccurate. In this case, the difference in the
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value of voltage error reached about 1.0%, while the value of phase displacement reached
0.7◦. Therefore, the sinusoidal approximation should be used only for the detection of
resonance, even if it is obtained for low-order higher harmonics.

In Figure 6, the comparison of the values of voltage error and phase displacement
determined for harmonics of the non-sinusoidal primary voltage and sinusoidal voltage in
the case of the inductive VT with the (15/

√
3) kV nominal primary voltage is presented.

Figure 6. Comparison of the transformation accuracy of the (15/
√

3) kV VT for harmonics of the non-sinusoidal and
sinusoidal primary voltage: (a) voltage error, (b) phase displacement.
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It results from Figure 6 that nonlinear properties of the inductive VT again cause
significant changes in its transformation accuracy up to 500 Hz. The values of voltage error
and phase displacement are changing about 1.5%/1◦. Therefore, the results measured for
transformation of the sinusoidal voltage do not reflect the real operation conditions. This
also concerns the higher frequency range. The differences in the values of voltage error or
phase displacement reached about 1.0%/1.0◦.

In Figure 7, the comparison of the values of voltage error and phase displacement is
presented when the secondary winding of the inductive VT with the (20/

√
3) kV nominal

primary voltage (Figure 4) is additionally loaded with 1 µF capacitance (CLo is connected).

Figure 7. Comparison of the transformation accuracy of the (20/
√

3) kV VT when its secondary winding is loaded with
1 µF capacitance: (a) voltage error, (b) phase displacement.
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If the secondary winding of tested inductive VT with nominal primary voltage
(20/
√

3) kV is additionally loaded with 1 µF capacitance, resonance occurs. Therefore,
the change in the frequency of the higher harmonic resulting from the variation of the
frequency of the main component of non-sinusoidal voltage causes a significant change
in the values of voltage error and phase displacement. However, the application of the
sinusoidal voltage again enables accurate determination of the resonance frequency.

In Figure 8, the comparison of the values of voltage error and phase displacement is
presented when the secondary winding of the inductive VT with the (15/

√
3) kV nominal

primary voltage (Figure 6) is additionally loaded with 1 µF capacitance.

Figure 8. Comparison of the transformation accuracy of the (15/
√

3) kV VT when its secondary winding is loaded with
1 µF capacitance: (a) voltage error, (b) phase displacement.
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The 1 µF capacitance in the secondary winding of this inductive VT with the nominal
primary voltage (15/

√
3) kV also causes the resonance as in the case of the previously

tested VT. The application of the sinusoidal voltage again enables accurate determination
of its frequency. The change in the frequency of the main component of non-sinusoidal
voltage causes a significant change in the values of voltage error and phase displacement,
as the frequency for the same order of the higher harmonic is different.

In Figure 9, the comparison of the values of voltage error and phase displacement at
harmonics determined between two units of the (15/

√
3) kV inductive VTs is presented.

Figure 9. Comparison of the transformation accuracy of harmonics determined between two units of
the (15/

√
3) kV inductive VTs: (a) voltage error, (b) phase displacement.

In this case, two units of the inductive VTs with voltage ratio (15/
√

3) kV\(100/
√

3) V
were compared. In the differential system from Figure 1, instead, the RVD second unit of
inductive VT was connected. Therefore, the differences between their values of voltage
error and phase displacement were directly measured. The highest values of the difference
in transformation accuracy between the units manufactured by the same company were
obtained at 3rd, 5th, and 7th low-order higher harmonics and at high-frequency higher
harmonics, e.g., 5 kHz. This results from the fact that self-generation by each unit of
inductive VT of the low-frequency higher harmonics to the secondary voltage is similar,
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but it occurs at different phase angles with respect to the main component of transformed
non-sinusoidal primary voltage. In Figure 9, the maximum values obtained in this case
for 30◦ are presented. The problem at higher-frequency higher harmonics results from the
different values of the parasitic capacitance in the primary windings of tested VTs.

In Figure 10, the application of sinusoidal voltage of frequencies from 20 Hz to 20 kHz
and an RMS value equal to 100 V to determine the resonance frequency(ies) of all tested
inductive VTs is presented.

Figure 10. Application of sinusoidal voltage of frequency from 20 Hz to 20 kHz to determine the resonance frequency(ies)
of all tested VTs: (a) voltage error, (b) phase displacement.
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It can be seen from Figure 10 that the resonance is detected as a simultaneous peak of
the values of voltage error and phase displacement. Moreover, these high values are easily
measurable. The operation frequency of inductive VT is limited by the first resonance.
These high values of voltage error and phase displacement are changing rapidly near the
resonance frequency due to the high slope of the curves in Figure 10. The most important
factors causing the limitation of the frequency band of operation of the inductive VT are
high values of the parasitic capacitance and leakage inductance of the primary winding.
Therefore, inductive VTs with a higher nominal RMS value of the non-sinusoidal primary
voltage have the first resonance at a lower frequency, since their primary windings have
more turns. In all the tested inductive VTs, the multi-resonance circuit is present.

4. Conclusions

In case of the tested medium-voltage inductive voltage transformers, the resonance
phenomenon is the main reason for their poor transformation accuracy of non-sinusoidal
voltage. In this paper, it was proven that the frequency sweep of sinusoidal voltage may
be applied to determine their resonance frequency(ies). Moreover, in such conditions, the
tests indicate that the variation of the frequency of the main component of transformed
non-sinusoidal voltage cause a significant change in transformation accuracy at a given
higher harmonic. However, the sinusoidal approximation may not be used to accurately
determine the values of voltage error and phase displacement for the transformation of
harmonics at rated RMS value of the non-sinusoidal primary voltage. This problem mainly
concerns their range of frequencies below 650 Hz. It results from the nonlinearity of
the B(H) curve of the magnetic core that causes additional distortion of the secondary
voltage. The self-generation of the low-order higher harmonics by tested inductive voltage
transformer must be considered to accurately determine their transformation accuracy.
Furthermore, the capacitance of the load of the secondary winding equal to about 1 µF
may significantly decrease the first resonance frequency.
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Abbreviations

(−)
the maximum negative values of voltage error and
phase displacement

(+)
the maximum positive values of voltage error and
phase displacement

∆U voltage error

ψURVD
the phase angle of sinusoidal voltage or a harmonic in the
output of RVD with respect to its main component

ψUTVT

the phase angle of sinusoidal voltage or a harmonic
component in the secondary voltage of TVT with respect to
the reference sinusoidal voltage from RVD or the
main component of the non-sinusoidal voltage

“50 Hz”, “49 Hz” and “51 Hz” dots
presents the results of the transformation accuracy of a
given harmonic with main component of frequency 50 Hz,
49 Hz, and 51 Hz, respectively

AWG arbitrary waveform generator
B(H) curve magnetization characteristic of magnetic core
CLo load capacitor
DA differential amplifier
DPM digital power meter
MV medium voltage
PA power amplifier
RMS root mean square
RVD reference voltage divider

sin. app.
sinusoidal approximation of transformation accuracy for
harmonics of distorted voltage determined for
transformation of sinusoidal primary voltage

SVT step-up voltage transformer
TVT tested voltage transformer

UTVT/URVD

the RMS value of the sinusoidal voltage or a harmonic
of the non-sinusoidal voltage in the secondary/output
voltage of the TVT/RVD

VT voltage transformer
ϕU phase displacement
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