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Abstract: This paper presents application of a resonant power frequency converter for high-voltage
(HV) and partial discharge (PD) test of a voltage transformer. The rating voltage, power, and fre-
quency of the system are 70 kVrms, 40 kVA, and 200 Hz, respectively. The testing system utilized
the converter feeding to an HV testing transformer connected to a conventional partial discharge
detection system. The converter system comprising a rectifier and insulated-gate bipolar (IGBT)
switches with the H-bridge configuration was applied as a low-voltage source instead of a con-
ventional motor-generator test set which requires large space and high cost. The requirements of
the test according to the standards are quality of the test voltage and the background noise level.
The required voltage must have the different voltage (DV) and total harmonic distortion (THDv) in
the acceptable values of less than 5%. The DV is defined as the difference of the root mean square
and peak voltages in percent. The required background noise level must be lower than 2.5 pC.
Simulations and experiments were performed for verification of the developed system performance
in comparison with those of the previously developed system based on the pulse width modulation
converter. It is found that the developed system can provide the testing voltage with the DV and
the THDv of lower than 1% and the background noise level of lower than 1 pC. Considering this
achievement of promising performance, the developed system is an attractive choice for the HV and
PD testing of voltage transformers in real practice.

Keywords: background noise; high-voltage and partial discharge test; resonant power frequency
converter; switching interference; voltage transformer

1. Introduction

The main problem of the high-voltage (HV) and partial discharge (PD) test of voltage
transformers is the applied voltage, which is higher than the transformer rating voltage. If
such a voltage level with the rating frequency (50 Hz or 60 Hz) is applied to the test, it will
lead to core saturation, high current consumption, and applied testing voltage distortion.
For avoiding such conditions, the international standard defines the quality of the testing
voltage with the different voltage (the root mean square value and peak value divided by
square root of two) and total harmonic distortion, which are not higher than 5%. Under the
test conditions, the applied voltage in such tests is not higher than two times the rating
voltage of the transformer, so the applied voltage should have a frequency higher than
two times that of the rating frequency. For safety reasons, the frequency used in the test
is from 100 to 400 Hz. It is found that the frequency of 200 Hz is sufficient in all tests of
the voltage transformers. Therefore, the 200 Hz frequency was utilized in all considered
simulations and experiments. In the past, the motor and generator test set was applied in
the test. However, the test set is quite costly, and it requires a large space for installation.

The high-voltage (HV) test is a crucial issue for the verification of the performance
of the HV equipment in design and construction processes. Examples of such tests are
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insulation voltage withstand test, power loss measurement, dielectric loss measurement,
and partial discharge measurement.

According to IEC 60270:2015, [1] partial discharges (PDs) are defined as localized
electrical discharges that only partially bridge the insulation between conductors, and they
are caused by local electrical stress concentrations in the insulation or on the surface of the
insulation. Generally, such discharges appear as pulses with durations of less than 1 µs. PD
measurement is the most important test used in the evaluation of insulation performance
and life. The PDs are classified into three main types. The first type of the PD, named
corona discharge, can occur in areas with sharp edges and high electric field stress. The
second type originates from defects of the internal insulation material, such as bubbles and
voids. If these defects have lower insulation levels than the main insulation material, under
sufficient electrical field stress, PD can occur. The last PD type, called surface discharge,
occurs at the boundary between two materials.

As the simplest way to generate HV for HV testing, [2] a voltage regulator connected
with a power source from a low-voltage grid or a generator is applied to an HV testing
transformer at the low-voltage side. The HV from the transformer is applied to a test
object. Due to the nonlinear characteristic of the electrical and electronic equipment, the
disturbance is generated in the electrical system, and it sometimes causes power quality
problems, i.e., the voltage distortion and the background noise level. According to IEC
60060-1, [3] the testing voltage should be an almost purely sinusoidal waveform of which
the total harmonic distortion voltage (THDv), defined by Equation (1), and different voltage
(DV; peak voltage divided by

√
2 and RMS voltage) should be less than 5%.

THDv =
1

Vp1

√√√√ 50

∑
i=2

V2
pi (1)

Here, Vp1 is the peak voltage of the fundamental frequency and Vpi is the peak voltage
of the ith harmonic frequency. Figure 1 shows the test voltage applied to the voltage
transformer (VT) and PD pattern during the HV and PD test. It is found that the DV and
THDv are higher than 5%. Additionally, the background noise level is higher than 2.5 pC
(the acceptable background noise for the HV and PD test of the voltage transformers) [4,5].
To avoid the voltage distortion, and the unacceptable background noise level and to satisfy
the standard requirements, an additional measure such as a voltage filter is necessary to be
applied to the system.

Figure 1. Test voltage waveform and the partial discharge (PD) pattern during the high-voltage
(HV) test.

For the HV test of voltage transformers (VTs) and to confirm the insulation perfor-
mance of the test object, it is necessary to raise the voltage to be higher than the rating
voltage. If the applied testing voltage with the rated frequency is used in the test, the core
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saturation of the voltage transformer can occur and the applied voltage may be distorted.
For a better understanding, an example case should be considered. For the partial discharge
test of a VT with the rating voltage (Ur) of 24 kV, the pre-stress voltage condition with a
withstand voltage (Ut) of 80% is applied to the VT, and then the testing voltage is decreased
to the level of 1.2Ur (28.8 kV) to record the PD activity. The procedure of applying voltage
in the PD test is shown in Figure 2. Therefore, saturation of the iron core of VT is avoided
by applying voltage with a frequency higher than the rated frequency of the VT. If the
voltage with a power frequency of 50 Hz is applied to the HV side of the VT, the saturation
effect of the VT will influence the distortion of the applied voltage waveform, as shown in
Figure 1, and the DV and THDv will be higher than 5%. Aside from the nonlinear voltage,
the core saturation can cause thermal runaway and explosion of PT. Therefore, to avoid
the core saturation effect, a test voltage with a frequency higher than twice the power
frequency is necessary in the test; the frequency of 200 Hz is a good candidate for all VTs
with the rating frequencies of 50 and 60 Hz.

Figure 2. Procedure of voltage application for the PD test of voltage transformers (VTs).

Nowadays, power electronics technology has been applied in many practical fields,
such as home appliances, automotives and traction, renewable energy, and HV transmission
and distribution systems. In HV generation for testing, the power electronics converter
is a powerful and efficient tool for AC/DC, DC/AC, and AC/AC power conversion.
However, the crucial problem of the application of the power converter in the PD test
is the interference signal originating from fast switching of power electronic devices. It
causes the PD detection system to have background noise much higher than the acceptable
level. For example, in the PD tests of VTs insulated with oil, the acceptable PD level is only
5 pC [4,5]. Consequently, the testing system including the PD detection system should have
a background noise level below 50% of the acceptable PD level (2.5 pC). Most commercial
power converters have an additional filter for eliminating undesired harmonic voltage and
obtaining a voltage waveform close to a pure sinusoidal wave. However, the filter cannot
eliminate the interference in the PD measurement completely, leading the background
noise in the PD test to be higher than the acceptable level.

Recently, there are attempts for development of the HV and PD test of voltage trans-
former. In [6–9], the power frequency converter based on the pulse width modulation
(PWM) techniques was developed as the low-voltage source applied to the HV testing
transformer for the HV and PD test. In [10,11], the analysis of effect of the additional filter
for the reduction in the background noise in the HV and PD test was presented. In [12],
the analysis of the PWM converter with the additional filter was presented, and the best
switching frequency in terms of the quality of the generated voltage and background noise
level were investigated. However, it is found that the developed system in [12] required
the additional filter with quite large capacitance and high power consumption.
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For overcoming such problems, the HV and PD testing system based on a resonant
power frequency converter is proposed in this paper. Simulations were utilized for the
design of the system, and experiments were performed to verify the validity of the de-
veloped system. The system performances in terms of the testing voltage quality and
background noise level were investigated and analyzed in comparison with those of the
previous developed system based on the pulse width modulation converter. It is found that
the developed system performances are much superior to those of the previous system. The
different voltage and total harmonic distortion of the testing voltage are less than 1%, and
the background noise level is less than 1 pC at the rating voltage. From this achievement in
terms of the system performances, the developed system is an attractive choice for the HV
and PD testing of voltage transformers in the real practice.

2. Development of HV Testing System for PD Tests

The developed system with the equivalent circuit shown in Figure 3 is composed of a
power frequency converter, an additional inductor, an additional capacitor, an HV testing
transformer, and a partial discharge detection system. Zf, Ck, CD, CC, and MI stand for
the internal impedance of the testing transformer, the coupling capacitor, the coupling
device or the measuring impedance, the measuring cable, and the measuring instrument,
respectively.

Figure 3. Partial discharge testing system.

2.1. Power Frequency Converter

The power frequency converter based on the H-bridge configuration, as shown in
Figure 4, was developed. The converter is composed of a rectifier and H-bridge insulated-
gate bipolar transistors (IGBTs), which can be controlled to generate either a square wave
or pulse width modulation (PWM) waveforms.

Figure 4. High-voltage source power converter generator.
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The unipolar PWM technique [13–15] is based on operation of four control switches
(S1, S2, S3, and S4) and four diodes (D1, D2, D3, and D4) as shown in Table 1. The AC
output voltage waveform can instantaneously take one of the following three voltage levels:
+Vdc, −Vdc, or 0.

Table 1. Switch states in full-bridge single-phase voltage source inverter unipolar pulse width
modulation (PWM).

State
Switch Conduction Status Conduction Status of IGBT and Diode Vo

ON OFF Io > 0 Io < 0

1 S1+, S2− S1−, S2+ S1+, S2− D1+, D2− +Vdc
2 S1+, S2+ S1−, S2− S1+, D2+ D1+, S2+ 0
3 S1−, S2+ S1+, S2− D1−, D2+ S1−, S2+ −Vdc
4 S1−, S2− S1+, S2+ D1−, S2− S1−, D2− 0

The controlled and AC reference voltage waveforms are shown in Figure 5a, and the
output signal is shown in Figure 5b.

Figure 5. Generated PWM waveform from the PWM converter. (a) Pulse width modulation in the unipolar converter. (b)
Output waveform of the power converter.

For generation of the PWM waveform, the triangular waveform is set to be from 1.2
to 20 kHz. However, from the study in [12], it was found that the best performance of
the PWM converter occurred at the switching frequency of 3.2 kHz. For generation of
the square wave used in the proposed resonant circuit, the frequency of the triangular
waveform is set to be the same as that of the control waveform.

2.2. Partial Discharge Detection System

The developed partial discharge detection system is composed of a coupling capacitor
(Ck) connected in series with the measuring impedance (coupling device). The capacitance
Ck was selected to be 1 nF, and the measuring impedance was designed to have the band-
pass characteristic with the equivalent circuit shown in Figure 6. The transfer impedance
characteristic with the low and high cut-off frequencies of 30 kHz and 20 MHz, as shown
in Figure 7. For avoiding the undesired noise signal in the HV testing environment, the
standard [1] recommends using the band pass filter for a quasi-integration of the charge de-
termination, and the acceptable range of cut-off frequencies of the filter are also provided [1].
In this paper, the digital band pass filter with the cut-off frequencies of 100 kHz and 400 kHz
is utilized according to the standard requirement. The transfer function of the filter and the
transfer impedance with the considered filter are also presented in Figure 7.



Energies 2021, 14, 2014 6 of 18

Figure 6. Equivalent circuit of the measuring impedance or the coupling device (CD).
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The equivalent circuit of the PD detection system with the HV testing transformer is
shown in Figure 8. The crucial circuit parameters of the testing system are expressed in
Table 2. The transfer function of the output voltage (Vout/Vin) can be calculated as shown
in Figure 9 which shows that this transfer function has the characteristic of a low-pass
filter. As shown in Figure 9, the cut-off frequency is about 1.2 kHz. It is noted that the
total impedance of the HV testing transformer with the rating voltage of 460 V/75 kV and
the rating power of 40 kVA is transferred to the HV side of the transformer. The circuit
parameters are expressed in Figure 8, and the voltage transformer under test [16] or the
test object can be represented well with a high impedance, which has an effect on the test
circuit. When the 1 pC calibrator pulse current is injected into the system in the calibration
process, the peak voltage response at the PD port and filtered peak voltage by the digital
band pass filter are about 2.0 mV and 0.115 mV, respectively. The results of the response
voltages are shown in Figure 10.

Figure 8. Simplified equivalent circuit of the HV and PD tests.

Table 2. Circuit parameters of the testing system.

Circuit Parameters Transfer to the
LV Side

Transfer to the
HV Side

Testing transformer series resistance (Rsh) 5.38 Ω 143 kΩ
Testing transformer series inductance (Lsh) 0.67 mH 17.8 H

Coupling capacitance (Ck) 26.8 µF 1 nF

For a better understanding of the problem of using the PWM frequency converter
in the HV and PD test, we should consider the case in which the 200 Hz PWM voltage
of 100 kV with the switching frequency of 3.2 kHz is supplied to the system without an
additional filter as shown in Figure 8. The voltage across the test object has small oscillation,
as shown in Figure 11, and its THDv is 0.93%. The PWM voltage also affects the voltage at
the PD measuring port. The peak voltages at the PD port and the filtered one are of 570 mV
and 370 mV, respectively. As shown in Figure 12, the interference voltages are much higher
than the peak voltage response of a 1 pC calibrator pulse. It can be seen that the band
pass filter is not very effective for mitigation of the interference signal from the switching
voltage. Therefore, the mean value for mitigating the interference from the PWM frequency
converter is required for the PD test in real practice. In this paper, the additional inductor
and capacitor are proposed to connect at the LV side of the HV testing transformer for
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obtaining the resonant condition. The analysis of the additional circuit components will be
presented in the next Section 2.3.

Figure 9. The calculated and normalized transfer function of the testing voltage with and without
additional resonant circuit.

Figure 10. Voltage response of 1 pC calibrator pulse current (a) at the PD port with long span time, (b) at the PD port with
short span time, (c) filtered by the band pass filter with long span time, (d) filtered by the band pass filter with short span time.
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Figure 11. Input and output voltage waveforms.

Figure 12. Voltage response at the PD port in the case of applied PWM voltage at 100 kVp. (a) At the
PD port (b) filtered by the band pass filter.

2.3. Additional Circuit for Circuit Resonance

To reduce the noise level, the additional filter is required as in the previous stud-
ies [6–12]. In this paper, an additional adjustable inductor and capacitor are proposed to
add in the low-voltage side of the testing transformer for obtaining the resonant condition
of the test circuit as shown in Figure 3. The inductance was adjusted to obtain the resonant
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condition at the frequency of 200 Hz. With the circuit parameters of the testing system, the
series resonant condition is occurred by Equation (2), where Lt is total inductance and Ct is
total capacitance. In the considered system, the total capacitance can be approximated as
the coupling capacitance (Ck). The required additional inductance (Ladd) can be calculated
by Equations (2) and (3), and the result is about 23 mH.

Lt =
1

ω2Ct
(2)

Lt = Ladd + Lsh (3)

The voltage gain at the resonant condition is equivalent to the quality factor (Q) as
expressed in Equation (4), where Rt is total series resistance composed of internal resistance
(Rint) of the additional inductor and series resistance of the testing transformer (Rsh).

Q =

√
Lt/Ct

Rt
(4)

In this paper, the required Q was set to be not less than 4 which is sufficient for
obtaining the almost pure sinusoidal output voltage. It is noted that the quality factor of 4
will be confirmed to be sufficient by the simulation result in the Section 3. For the designed
inductor, the internal resistance is necessary to be controlled for obtaining the desired Q.
The maximum internal resistance (Rint) can be calculated by Equation (5), and the result is
2.0 Ω.

Rt = Rint + Rsh (5)

From the calculation above, the adjustable inductor was designed by a manufacturer.
The inductance of the developed adjustable inductor can be varied from 10 to 40 mH, and
the internal resistance is 1.3 Ω.

The equivalent circuit of the HV and PD testing system is expressed in Figure 13. All
circuit parameters in Figure 13 were transferred to the HV side of the testing transformer.
It is noticed on the equivalent circuit in Figure 8 that the inductor will not affect the
PD measurement if the PD occurs on the HV side. The transfer function in the form of
the attenuation factor (VPD/Vin) can be determined as the results in Figure 14a and the
attenuation factor with the band pass filter recommended by the standard are expressed
in Figure 14b. The input square wave voltage generated by the converter of 17.1 kV
(corresponding to 100 kV output voltage) and the output voltage are expressed in Figure 15.
The black line stands for the input voltage of the HV testing transformer (transferred to
the HV side of the testing transformer), and the red line stands for the output voltage of
the testing transformer or the voltage across the test object. It is noticed that the output
voltage waveform is almost pure sine due to the occurrence of resonant condition at the
frequency of 200 Hz. It is also confirmed that the quality factor of 4 is sufficient to obtain
the waveform as the standard requirement.

In the results shown in Figures 16 and 17. The black line is denoted for the voltage
response of 1 pC calibrator pulse current, and the red line stands for the interference signal
at the output voltage of 100 kV. Without the additional capacitor (Cadd), the interference from
the square wave as the input voltage of the testing transformer is still high. Additionally, the
band pass filter recommended by the standard is not particularly effective for mitigation
of the attenuation of the interference signal, as shown in Figure 16. With connection
of the additional capacitor (Cadd), the interference is attenuated to be lower than the
voltage response of the 1 pC calibrator pulse current. Additionally, the band pass filter
recommended by the standard is quite effective for mitigation of attenuation of interference
signal as it is shown in Figure 17. In Figure 17b, the maximum interference signal is 0.07 mV,
which is equivalent to background noise level of 0.6 pC (0.115 mV is equivalent to the PD
level of 1 pC).
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Figure 13. Equivalent circuit of the PD testing system with the resonant circuit.

Figure 14. Attenuation factor of the HV and PD testing system. (a) At the PD port without the band pass filter recommended
by the standard; (b) at PD port with the band pass filter recommended by the standard.
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Figure 15. The input and output voltages of the testing transformer (transferred to the HV side).
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Figure 17. Comparison of the voltage responses from 1 pC calibrator pulse current and the interfer-
ence signal of the resonant circuit in the case of the output voltage of 100 kV and with the additional
capacitor connection. (a) At the PD port without the band pass filter recommended by the standard;
(b) at PD port with the band pass filter recommended by the standard.

3. Experiments

Some experiments were carried out to investigate the performance of the developed
system in the partial discharge tests. The experimental setup is shown in Figure 18. The
circuit parameters were set to be the same as in Figure 13. The performances of the
developed system were investigated in terms of the different voltage, total harmonic
distortion of the output voltage, and the background noise.

To avoid interference signal from electromagnetic coupling in the HV laboratory, the
commercial EO/OE converters (Omicron) [17] with fiber optic cables were applied with
the developed system. In the real PD test, the standard PD current with the charge of 5 pC
was utilized in the calibration process. The background noise without the application of
the developed inverter is about 0.8 pC. The experiments are separated into two topics
as follows.
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Figure 18. Experimental setup of the PD test with the VT. (a) Equipment in the HV testing room: (1) HV testing transformer
(2) Coupling capacitor (3) Coupling device for PD detection (4) VT under test. (b) The developed converter, (c) adjustable
inductor and (d) the additional capacitor connected at the input of the HV testing transformer.

3.1. Experiments without Test Object

The experiments in this part are performed to examine the performance of the de-
veloped system in comparison with the previous developed system (the PWM converter
with the switching frequency of 3.2 kHz) [12]. There is no test object connected to the test
system. As shown in Figure 19a, the PWM system without an additional filter provides
very high interference. However, when the additional filter was connected to the system,
at the pre-stress voltage of 40 kVrms, the background noise was reduced significantly to be
about 2.0 pC, as shown in Figure 19b. The DC input voltage supplied to the converter was
about 370 V. The different voltage and THDv are 0.66% and 0.80%, respectively.
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Figure 19. Experimental test results at the testing voltage of 40 kVrms. (a) Without the additional
filter; (b) with the additional filter.

When the developed resonant system was considered, in the case of no connection
of the additional capacitor, the acceptable background noise (2.5 pC) was reached at the
output voltage of about 5 kV, as shown in Figure 20a. This agreed with the simulation
result in Figure 16b. The interference signal of 4 mV is equivalent to the background
noise level of 34.78 pC (4/0.115). With the same proportion of the simulation result, the
background noise level should be 2.48 pC (34.78 × 5/70). In the case of connection of
the additional capacitor, the background noise level at the output voltage is still the same
as that of no application of the converter to the system, as shown in Figure 20b. At the
output voltage of 40 kVrms, the DC input voltage supplied to the converter was about 83 V,
which corresponds to the voltage gain of 4.5—this agreed with the simulation results. The
different voltage and THDv are 0.61% and 0.35%, respectively.
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Figure 20. Experimental test results at the testing voltage of 40 kVrms. (a) Without the additional
capacitor; (b) with the additional capacitor.

3.2. Experiment with a Test Object

For confirming validity of the developed system, two voltage transformers (test object
1 and 2) were tested. The frequency of the input voltage varied from 50 to 400 Hz for
examining the voltage gain. The experimental results in comparison with the simulation
result without test object are expressed in Figure 21. It is found that the test object does not
affect much the voltage gain. The voltage gain at the resonant frequency is still higher than
in all considered cases.
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Figure 21. Comparison of the simulation and experimental voltage gains.

The other experiment was performed to confirm the performance of the developed
system in the PD test with a VT. The voltage was raised up to 40 kVrms for the prestress
condition and decreased to 30 kVrms for recording PD activity. The standard PD pulse
with a charge of 5 pC is used for calibration in the PD test. The experimental results at
the testing voltage of about 30 kVrms are shown in Figure 22. The different voltage (peak
voltage/

√
2 = 28.98 kV and RMS voltage 28.79 kV) was 0.65%, the THDv was 0.35%, and

the background noise was less than 1 pC.

Figure 22. Experimental results with VT connected to the developed system.

4. Conclusions

The developed partial discharge testing system based on the resonant frequency con-
verter has been presented. The performance of the developed high-voltage and partial
discharge test in terms of the different voltage (DV), THDv, and background noise in the
high-voltage and partial discharge test has been investigated in comparison with those of
the previously developed system based on the PWM technique. According to the simu-
lation and experimental results, the DV was less than 1%, THDv was less than 0.5%, and
background noise was less than 1 pC. In addition, the developed system was successfully
used for the real PD test on a voltage transformer with the rating voltage of 24 kV. The
developed system is an attractive choice for PD tests because of its high performance and
low cost compared with the motor-generator system and can be developed into a mobile
system for partial discharge tests in on-site inspections. However, the limitation of the
proposed system is that the proposed system is effective for the small load test object. The
additional filter is still required for the test with the large load test object.
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