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This paper presents an application of a single-phase five-level converter as a low-voltage
source fed to a high-voltage (HV) transformer for HV and partial discharge (PD) tests on
potential transformers with a voltage rating of 33 kV. The converter was constructed with two
H-bridge sets of insulated gate bipolar transistor (IGBT) switches, and the sinusoidal pulse width
modulation (SPWM) technique was utilized to control the converter. Also, an additional filter
was implemented in the testing system to mitigate the background noise level in the HV testing
system, and the suitable modulation index and carrier frequency were analyzed. To evaluate the
performance of the developed testing system, the difference in the voltage, the total harmonic
distortion, and the background noise in the PD tests were examined by simulations and
experiments without and with a test object. From the simulation and experimental results, it was
found that (i) the difference in the voltage is below 1%, (ii) the total harmonic distortion is below
1%, and (iii) the background noise is below 2 pC. The performances of the proposed converter in
terms of output voltage distortion and switching interference are superior to those of the
conventional three-level converter. This makes the developed system very attractive for use in
practical HV and PD tests.

1. Introduction

Partial discharge (PD) causes the deterioration of insulation material under a high electrical
field stress condition. It is necessary to detect the PD in high-voltage (HV) equipment at an early
stage before it leads to complete breakdown. Many sensors are used for the detection of PD, such
as high-frequency current transducers, electromagnetic field sensors, and measuring
impedances. According to the standard IEC 60270, a system composed of measuring impedances
is acceptable for PD detection. In addition, a PD testing system requires the following standard
testing conditions: the difference in the voltage, the total harmonic distortion (7HD,) of the

testing voltage, and the background noise should be lower than 5%, 5%, and 2.5 pC, respectively.
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Currently, the PD test is a routine test of the potential transformer production line. A PD level
below the standard recommended value is sufficient to confirm the quality of the insulation.
This allows users to expect potential transformers to have an appropriate lifetime when they are
installed in electrical power distribution and transmission systems. The PD test must be
performed according to national and international standards such as IEC 60270 and IEC
60060-1.2) For PD tests, the procedure by which the testing voltage is applied to the potential
transformer is illustrated in Fig. 1.2-% Under the pre-stress condition, the applied voltage is
raised to 80% of the withstand voltage (U,) for 60 s. Then, the testing voltage is reduced to 1.2U,
for 30 s, where U, is the nominal rating voltage. If we apply the required AC HV at the rating
frequency to the potential transformer under test, the core saturation effect may occur. The
saturation condition affects the AC voltage testing waveform, distorting it from a sinusoidal
waveshape. The standard requires a testing voltage for which the difference in the voltage and
THD,, are both less than 5%, where the difference in the voltage is defined as the difference
between the root mean square (rms) voltage and the peak voltage divided by V2. To avoid the
saturation condition, it is necessary to increase the frequency of the power source voltage.>~") A
suitable testing frequency for testing with a rating frequency of 50 or 60 Hz is about 200 Hz.
Therefore, a motor-generator test set (where the generator is fed by a motor) is normally used to
generate a voltage with a frequency of 200 Hz for the HV testing system, and the voltage
waveform is purely sinusoidal with low harmonic distortion and low noise generation. However,
the disadvantages of the generator are the high cost of both the equipment and its maintenance,
and the large area required to set it up in the testing field.

Nowadays, power converter technology is constantly evolving and is widely applied to
enhance both performance and reliability in many application fields. One of its applications
related to this paper is the generation of the HV in the HV testing of HV equipment. A
conventional power converter was implemented to coordinate with the filter used in PD tests and
applied to test potential transformers.®-!2) In this study, the performance of the testing voltage
for a PD testing system was confirmed in terms of THD, of the output voltage and the
background noise. Under the pre-stress condition of about 40 kV, the resultant THD,, was 0.8%
and the background noise was around 2.5 pC. Under the PD recording condition of about 30 kV,
THD, was 0.8% and the background noise was around 1.9 pC. In these cases, the performance of
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Fig. 1.  (Color online) PD test procedure for a potential transformer.
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the system is acceptable for tests with a potential transformer of 24 kV rating. It was observed
that the background noise increased with the applied voltage. If this system is applied to test at a
higher voltage, the background noise will be higher than 2.5 pC, which is not acceptable for
testing potential transformers.

However, the potential transformers available in the distribution system of Thailand have
various rating voltages, i.e., 12, 24, and 33 kV. With the system developed in Refs. 8—12, potential
transformers with a rating voltage not higher than 24 kV have been tested with the standard
requirement. As mentioned above, the system cannot test potential transformers with a rating
voltage of 33 kV. Therefore, the PD testing system developed in this study must support HV and
PD tests of a potential transformer with a rating voltage of 33 kV. The developed system must
satisfy the standard testing requirements in terms of the quality of the testing voltage (the
difference between the voltage and THD,) and the background noise level. The testing voltage
for the pre-stress condition of 80% of the withstanding voltage is 56 kV, and the testing voltage
under the PD recording condition is 43.2 kV.

In this paper, a five-level converter is proposed to improve the performance of the testing
system in terms of the output voltage distortion and interference level. At the same output
voltage, the input DC voltage of the five-level converter is 50% of that of a conventional three-
level converter, so the background noise caused by the switching voltage is also reduced to
around 50% of the conventional value.!? In addition, a filter circuit was implemented in the
developed converter to reduce the background noise to an acceptable level meeting the standard
requirement.!) The developed system was analyzed, designed, and tested to confirm its validity
in tests with and without a potential transformer. It was found that throughout the testing voltage
range, the difference between the voltage and that at a suitable switching frequency, 7THD,, and
the background noise level were less than 2%, 2%, and 2 pC, respectively. On the basis of these
promising results, the developed system has been confirmed to be very attractive for use in
practical HV and PD tests.

2. Development of Proposed PD Testing System

The PD testing system, as shown in Fig. 2, is composed of a voltage source, a low-pass filter,
an HV testing transformer, and a PD detection system in accordance with IEC 60270. The PD
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Fig. 2. (Color online) PD testing system.
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detection system is composed of a coupling capacitor (Cy), a coupling device (CD) or a
measuring impedance, a signal cable, and a measuring instrument (MI). The test object of this
study is a potential transformer with a 33 kV rating.

In the PD tests, the test environment must be controlled to meet the standard requirement.
First, the testing voltage waveform should be close to purely sinusoidal, so THD,, should be
controlled to below 5%. THD,, is defined by

1 50
THD, = o >, (1)
1 \n=2

where V] is the peak of the fundamental voltage and V), is the peak of the nth harmonic voltage.
Second, the voltage difference of the testing voltage, defined as the difference between the RMS
value of the testing voltage and the peak of the testing voltage divided by 2, should be
controlled to lower than 5%. The other control factor is the background noise of the testing
system. In the case of high background noise, the PD result cannot be specified. To meet the
standard, the background noise must be controlled to below 2.5 pC for testing of the potential
transformer.

In this paper, a five-level converter with an additional filter is proposed to meet the standard
requirements(*>) in the PD test on a potential transformer. For better understanding, this
section starts with an explanation of the effect of the converter switching voltage on a PD
detection system, and the advantages of the five-level converter over a conventional three-level
converter are presented. Finally, an appropriate additional filter for reducing the background
noise level is presented in this section.

2.1 Effects of converter switching voltage on PD detection system

In a PD testing system, a CD or measuring impedance is connected to a coupling capacitor
(Cy)- The measuring impedance circuit proposed in this study is shown in Fig. 3. As shown in
Fig. 4, the transfer impedance of the measuring impedance is in the form of a band-pass filter
with low and high cutoff frequencies of about 30 and 20 MHz, respectively.
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Fig. 3. (Color online) Measuring impedance circuit. Fig. 4. Transfer impedance characteristic.
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In the analyses, the circuit parameters for the testing transformer are transferred to the HV
side of the transformer with a specification rating of 460 V/75 kV, 40 kVA. The equivalent circuit
of the system is shown in Fig. 5. The transfer function of the output voltage (V,,,/V;,,) can be
determined as shown in Fig. 6. In the simulation using a circuit simulator (EMTP/ATP), a
simulated PD pulse current with an electric charge of 2.5 pC was injected into the testing system,
and the peak voltage from the PD current was 5 mV as shown in Fig. 7.

Under the simulation conditions of the single-phase five-level converter with the target output
voltage (peak), 70 kVrms (about 100 kV,), and 200 Hz, the switching frequency of the controlled
signal was varied from 1 to 20 kHz and the modulation index was set to either 1.0 or 0.8. From
the results, there is no significant effect of the switching frequency or the modulation index on
the output voltage waveform. In all the considered cases, the difference in the voltage and THD,,
are both lower than 5%, but the background noise level is very high (higher than 300 pC). In
Figs. 8 and 9, the input voltage from the converter (transferred to the HV) and the voltage signal
(the interference signal) from the PD port in the case of a switching frequency of 6.4 kHz and a
modulation index (m,) of 1.0 are presented, respectively. THD,, is 0.95%. The background noise
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Fig. 5. (Color online) Equivalent circuit of the PD testing system.
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Fig. 8. (Color online) Input and output voltages (V,,,, Fig. 9. (Color online) Voltage at the PD port (Vpp).
and V,,,,) of the PD testing circuit.

level is 320 mV, which is much higher than the measured voltage (5 mV) in the case of 2.5 pC PD
pulse injection. This noise level is equivalent to about 160 pC. Therefore, an additional filter
must be connected to the system, as explained in Sect. 2.3.

2.2 Advantages of the five-level converter

In this paper, we propose a single-phase five-level converter fed to the HV testing transformer
applied to the test object. The structure of the proposed converter, as shown in Fig. 10, is adapted
from that of the conventional three-level converter. Two sets of cascaded H-bridges of the
insulated gate bipolar transistor (IGBT) switches are constructed and connected in the series
circuit. The DC input voltage (Vpc) of the five-level converter is separated into two sources.
Each Vp source value is half of the input voltage of the conventional converter. In this case, the
peak output voltage of the developed system is the same as that of the conventional
converter.(13-19)

The switching operation of the converter in each state is shown in Table 1, where 1 denotes
switching on and 0 denotes switching off. Sinusoidal pulse width modulation (SPWM) is applied
to control the switching operation of the single-phase five-level converter. The controlled signal
and the output voltage of the converter are respectively shown in Figs. 11 and 12. Triangle
waveforms with m, of 1.0 and 0.8 and carrier frequencies from 1.2 to 20 kHz were used to
examine their effects on the output voltage, THD,, and switching noise or the background noise
of the testing system. The analysis focused on the generation of the output HV at the fundamental
frequency of 200 Hz, because this frequency is suitable for testing potential transformers with a
rating frequency of 50 or 60 Hz.

It is clear that the output voltage generated by the proposed single-phase five-level converter
is closer to a sinusoidal waveform than that generated by the conventional three-level
converter.13719) Owing to the linear characteristic of the PD detection system, the switching
noise associated with the background noise is dependent on the input DC voltage fed to the
converter. At the same output voltage, the proposed system requires only half the input DC
voltage of that of the conventional system. Therefore, the background noise of the proposed
system is only half that of the conventional system. On the basis of this hypothesis, the five-level
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Table 1
14 Ss-lgj S7_I<j Switching operation of the single-phase five-level
2— - C2= ; ° converter.
- V, SI S2 S3 S4 S5 S6 S7 S8
Sa-lﬂ Sa-lﬂ v o0 1 1 0 0 1 1 0
s V2 o0 1 1 0 1 0 1 0
. 0 1 0 1 0 1 0 1 0
14 . S -II;} Ss 4 V2 1 0 0 1 1 0 1 0
= &l 2 v 1 0 0 1 1 0 0 1
0}

Fig. 10. (Color online) Single-phase five-level
converter (CHB type).
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converter can improve the quality of the PD test for a potential transformer of 33 kV rating. The
analysis of the developed system will be presented in the next sections.

2.3 Reduction of background noise using an additional filter

As presented in the previous sections, an additional filter is required to attenuate the
interference at the PD port. The filter is connected with the output of the converter and the low-
voltage side of the HV testing transformer as shown in Fig. 13. In the analyses, all circuit
parameters are transferred to the HV side of the testing transformer.

The transfer function (the output voltage divided by the input voltage generated by the
converter) was determined for filter capacitances (Cy) of 0, 1, and 16 uF. The results for the
different capacitances are shown in Fig. 14. Also, the effect of different filter capacitances (C)
(0, 1, and 16 pF) on the transfer impedance (the voltage at the PD port divided by the input
voltage generated by the converter) was investigated and the results are shown in Fig. 15.

It was found that the switching frequency does not affect the background noise level
significantly. The input and output voltages and the interference at the PD port are respectively
shown in Figs. 16 and 17 for an output voltage of 100 kV,,, which is generated by the converter
with a switching frequency of 6.4 kHz. THD,, of the output voltage is 0.90%. The background
noise is 1.2 mV, which is equivalent to 0.6 pC (a 2.5 pC PD current results in 5 mV at the PD
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port). It is clear that the additional filter can improve the quality of the PD testing significantly.
To confirm the performance of the proposed system in PD tests, an experiment was set up with
the potential transformer, which is presented in the next section.
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3. Experimental Results

The performances of the proposed system for PD tests were verified by two experiments,
whose results were compared with those obtained with a conventional three-level converter.(1?)
In the first experiment, various control conditions were applied to control the IGBTs of the
developed converter, and the difference in the voltage, the THD,, and the background noise level
were investigated. The fundamental frequency of the testing voltage was set to 200 Hz, which is
appropriate for testing a potential transformer without the core saturation effect. The switching
frequency was varied from 1.2 to 20 kHz, the modulation index was either 1.0 or 0.8, and the
conditions giving the best performance were explored. We assumed that the test object does not
affect the performance of the testing system because of the low load of the potential transformer.
Therefore, the test object was not connected to the system. In the second experiment, a PD test
was performed on a potential transformer. The experimental setup of the PD test is shown in Fig.
18. Similarly to in the equivalent testing circuit shown in Fig. 2, the converter was connected to
the low-voltage winding of the HV transformer through the additional filter. Then, the HV side
of the transformer was connected to the conventional PD measurement system and the test
object. The specifications of the testing equipment are as follows.

* HV transformer rating 460 V/75 kV, power 40 kVA.

+ Omicron MPD600 conventional PD measurement system.?)

* Potential transformer with rating voltage of 33 kV used as test object (pre-stress and PD
testing voltages for potential transformer of about 56 and 43.2 kV, respectively).

 Control signal generated by STM32F407 microcontroller.

In the first experiment, no test object was connected to the testing system. Considering the
proposed system, the voltage level is given relative to the PD testing voltage as shown in Fig. 2.
The testing voltage was increased to 56 kV (pre-stress voltage), then the testing voltage was
decreased to 43.2 kV (voltage for recording the PD value). The difference in the voltage, THD,,

Fig. 18. (Color online) Experimental setup of the PD test. (1) HV testing transformer, (2) coupling capacitor, (3) CD
for PD detection, and (4) test object.
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and background noise level were recorded. It was found that the difference in the voltage in all
cases was lower than 1.0%. THD,, and the background noise level under the pre-stress condition
are shown in Fig. 19. Also, the results obtained at the voltage for recording the PD are shown in
Fig. 20. Under the best conditions of the proposed system, the switching frequency and
modulation index are 3.2 kHz and 1.0, respectively. The proposed system provides THD,, of
0.65% and a background noise level of 1.39 pC at an output voltage of 43.63 kV. For the
conventional system under the best conditions (switching frequency of 3.2 kHz, modulation
index of 1.0, and output voltage of 40 kV), THD,, and the background noise level are 0.7% and
2.3 pC, respectively.!? By comparing the results obtained from the proposed and conventional
systems, it has been confirmed that the proposed system is superior to the conventional one. For
the cases considered, the output voltage waveforms under the PD recording condition and the
background noise levels of the developed system with a switching carrier frequency of 3.2 kHz
and m, of 0.8 and 1.0 are shown in Fig. 21. Also, the results under the pre-stress condition and m,,
of 1.0 are shown in Fig. 22.

According to the results of the first experiment, to minimize 7HD, and the background noise
level, the most appropriate modulation index and switching frequency are 1.0 and 3.2 kHz,
respectively.
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Fig. 19. (Color online) (a) THD, and (b) background noise under the pre-stress condition with the switching
frequency varied from 1.2 to 20 kHz and m, of 0.8 and 1.0.
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Fig. 23. (Color online) Output voltage waveforms under the recording PD condition in the PD test of the potential
transformer. (a) Proposed system and (b) conventional system.

In the second experiment, the developed system was used for the PD test on the potential
transformer. A switching frequency of 3.2 kHz and a modulation index of 1.0 were set for the
controlled signal of the converter. The voltage waveform and the background noise under the PD
recording condition are shown in Fig. 23(a). To compare the performance of the proposed
system, the same experiment was carried out with the conventional three-level converter with
the same switching frequency and modulation index. The results are shown in Fig. 23(b). It can
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be seen that the output voltage waveforms at about the same voltage are almost purely sinusoidal,
but the background noise of the proposed system is only half that of the conventional converter,
in good agreement with the simulation results presented in Sect. 2.

4. Conclusions

We developed a PD testing system based on a single-phase five-level converter for
implementation in HV and PD tests on potential transformers with a 33 kV rating. The
performances of the developed system in terms of 7HD, and the background noise were
investigated by considering the converter control signal with the switching carrier frequency
varied from 1.2 to 20 kHz and a modulation index of ether 1.0 or 0.8. The most appropriate
conditions for the control signal of the converter were investigated experimentally, and a
modulation index of 1.0 and a switching carrier frequency of 3.2 kHz were found to be the best
conditions. Under these conditions, the difference in the voltage was lower than 1%, THD,, was
lower than 1%, and the background noise was lower than 1.5 pC. Finally, the proposed system
was applied in actual HV and PD tests on a potential transformer with a 33 kV rating. It was thus
confirmed that the developed system is an attractive choice for HV and PD tests of potential
transformers because the output voltage is very close to a purely sinusoidal function and the
background noise level is low. However, the limitations and weak points of the proposed system
are as follows: (1) eight switches are required for two H-bridge switches, twice the number
required in the conventional three-level converter, (2) the system controlling the signal in the
proposed system is more complicated than that in the conventional system, and (3) an additional
filter is still required to reduce the background noise level.
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