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Abstract: This paper presents the methodology for phase-resolved partial discharge measurements
in HVDC systems with a DC voltage containing trace AC harmonics or a DC voltage ripple. The
measurement result of partial discharges is an indicator of the current condition of the high-voltage
power devices’ insulation system. The voltage waveforms in HVDC systems are not ideal DC,
because different disturbances occurring naturally in these systems can affect the DC voltage. The
AC harmonics related to the AC source voltage, and the voltage ripples provided by the power
converter topology, can be found in the HVDC voltage. This paper proposes a novel approach to
partial discharge measurement in DC networks. The synchronization to the particular AC harmonics
appearing in DC voltage was applied to the PD measurements. The analyses were performed on
the model sample containing a void inclusion, which was placed between electrodes fed by the DC
voltages with the imposed chosen AC harmonics. Two scenarios were analyzed at a constant DC
level: one with a variable AC magnitude and the second with a variable frequency of an AC source
adjusted to the harmonics: 50, 150, 300, and 350 Hz. It was observed that the superimposed AC
voltage component resulted in an intensification of PDs.

Keywords: HVDC insulation; partial discharges; combined test voltage

1. Introduction

In recent decades there has been significant development of HVDC transmission
systems technology, in particular related to the development of new topologies of multi-
level power electronics converters, increasing the rated voltages and currents of available
industrial power electronic switching devices, and the introduction of new types of fast
power switches based on SiC semiconductor technology [1-4]. The technical and economic
attractiveness of HVDC technology is primarily caused by the significantly lower costs of
long-distance electricity transmission compared to traditional AC transmission lines. As a
result, research problems related to the development and implementation of new materials
and structures of high-voltage insulation systems intended for operation at DC voltages
remain current and important.

Two types of HVDC systems can be distinguished. The first, the Line Commutated
Current Source Converter (LCC) is a classic solution developed at the beginning of the
HVDC technology, with the power electronics switches based on the thyristor technol-
ogy. The second system is the Voltage Source Converter (VSC) which uses high-voltage,
high-power transistors as active switches in converter design. The inverter turning on—off
capability allows working in power system restoration mode. The high-voltage trans-
mission system reflects the capacitive character of the load; thus, the operation of power
electronics devices can be treated as charging and discharging of this object. This system
has the ability to control the power flow by setting the proper phase angle of the voltage
appearing on the inductance ends, which acts as the separation between the grid and
converter [1,2].
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The high-voltage DC systems provide non-ideal DC voltages, which also contain trace
AC harmonics or a DC voltage ripple [3,5-8]. The pulsating disturbances imposed on
the DC voltage occur during the normal operation of the power converters, and can be
transmitted from the AC side of the DC grid. These disturbances increase the exposure of
high-voltage insulation systems on the strong electric field [5-17]. The HVDC components
can be divided into two groups of devices depending on the exposure type. The first group
is affected by the DC voltage and its disturbances, i.e., the wall bushings, grading capacitors
in HVDC modules, power lines, and smoothing reactors [14,15,18]. The second group is
affected by the AC and mixed AC-DC stimuli; this appears in the converter transformers.
In this way, the AC-DC stresses appear in oil-pressboard insulation [7].

The simultaneous, combined AC and DC voltage stresses during the operation of
power equipment can lead to increased accumulation of space charge; this was observed
in XLPE cable samples [6,19]. The DC voltage harmonic distortions can also impact the
power electronics modules; this was observed for modular multilevel converters (MMCs),
which are a part of the VSC systems, in which the voltage ripples have an influence on
their terminal characteristics [20]. Both HVDC topologies (LCC, VSC) provide a different
pattern of generated harmonics in the DC voltage. The LCC topology based on the n-pulse
converters, where n is usually 6 or 12 pulses, results in the generation of harmonics that
sequentially build with n.k.f [Hz] components, where k is a natural number, and f refers to
the network fundamental frequency. For a 50 Hz network, harmonics at the DC side will
have a multiplication of 300 and 600 Hz. Detailed analysis of the LCC operation indicates
that the firing angle of thyristors in a power electronic converter defines the harmonic
parameters appearing at the DC side [1]. The investigations presented in [5] show that the
highest measured values of the voltage harmonics based on the working principle of the
power converter (6 n and 12 n) can reach up to 10%.

The second HVDC topology, VSC, has a different harmonic profile than that of LCC [1].
This topology is characterized by the low level of the harmonics appearing at the DC
voltage, thus implying the design of filters and smoothing reactors for smaller ratings. The
other side of this topology is the generation of harmonics at much higher frequencies than
in LCC systems.

One of the indicators used to assess the condition of insulation is the presence and
parameters of partial discharges (PDs) arising in defects located in the insulation systems
of electrical devices. In the case of AC systems, Phase-Resolved Partial Discharge patterns
(PRPD patterns, which map the set of recorded PD pulses in the phase-charge matrix, accu-
mulating the number of PD pulses in its individual cells; as a result, a 3D mapping of the PD
process is created) are commonly recorded and used for effective analysis of the insulation
condition of such systems, and evaluation of the degree of their degradation [21]. In PD
studies with DC voltages, their acquisition is usually based on the registration of the times
of occurrence of successive PD pulses and their apparent charges [12,16,21-23]. On this
basis, the relationships between the time intervals of consecutive PD pulses Af =t — #;_4
and their apparent charges g; and g;_1 or apparent charge differences Ag = g; — g;_1 (times
and apparent charges for i-th and (i — 1)-th PD pulse, respectively), and as statistical
distributions of selected parameters, are analyzed [12,16,22].

AC voltage harmonics and DC voltage ripple are undesirable distortions in system
voltages. Their negative impact on high-voltage devices is related to the increased exposure
of insulation systems to a non-static electric field with a changing value of the voltage
derivative du/dt. As a result, they influence the conditions for the inception and devel-
opment of PD in their sources. The influence of AC voltage harmonics on PRPD patterns
is a well-known and well-described topic [13,24-29]. During PD measurements in HVDC
systems, a noticeable effect of the presence of higher harmonics of the AC voltage on the
parameters of the recorded time series of PD pulses, traceable on the DC side, was also
observed. This problem, important from the point of view of the inception and potential
intensification of PD in insulation systems of HVDC devices, remains an important topic
of experimental research and theoretical considerations [6,23]. For example, in laboratory
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tests of dielectric materials for HVDC systems, it was proposed to use special test voltages
that combine the AC voltage with a gradually increased DC voltage (“flooding” AC wave-
form). For high DC voltage levels, even a small presence of a fragment of the AC voltage
waveform results in the appearance of distinct groups of PD pulses in time ranges with a
non-zero derivative of the voltage [30,31].

Acquisition of PD pulses in a PRPD pattern may be a problem at DC voltages with
trace AC harmonics or ripple due to the lack of an explicitly available synchronization
signal. This paper presents the proposed methodology of PRPD pattern registration for
measurement in HVDC networks, with synchronization to selected sync signals obtained
from the AC or DC side of the HVDC station. The results of laboratory measurements of
partial discharges arising in model samples of internal gas inclusions with well-defined
geometry and closed in a dielectric material are also presented. The samples were subjected
to the test stress caused by the controlled DC voltage with the AC component corresponding
to different harmonics of the AC side voltage (or DC voltage ripple). For the analysis of the
influence of individual harmonics on the PD parameters, a commercial system dedicated
to PD measurement recorded PRPD patterns. The pattern acquisition was synchronized
with the phase 0 of the individual AC voltage harmonic present in the DC voltage.

2. Methodology of Measurement

The analyses were performed in a laboratory stand-by application of high-voltage
DC with a specific AC voltage component to the specimen imitating typical defects in
high-voltage insulation. The PD acquisition and analysis at DC voltage is normally per-
formed in the time domain or with respect to the time differences between the previous or
following discharges [16,22]. The phase-resolved PD pulse acquisition is widely used in
PD measurement at AC voltage [21]. The main focus in the presented research is on the
influence of the periodic DC voltage ripple or superimposed AC voltage harmonics on PD
generation. Therefore, a novel approach to PD pulse recording for an HVDC system was
proposed, based on PRPD pattern acquisition synchronized to DC voltage ripple or specific
AC voltage harmonics (Figure 1).
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Figure 1. Measurement methodology and synchronization possibilities in HVDC networks for
phase-resolved PD measurement: (a) concept and block diagram, (b) DC voltage with a single AC
component as DC voltage with model ripple.

The synchronization signal can be achieved by the high-pass or band-pass filtering
of real HVDC voltage (Figure 1a, path A). This procedure allows selecting the periodic
voltage component related to the DC voltage ripple, which occurs naturally in the HVDC
network [1,2,20]. Alternatively, the synchronization signals can be taken directly from the
converter control signals [1,20] (Figure 1a, path B) or they can be obtained from one of the
voltage phases on the AC side of the converter station (Figure 1a, path C). In the latter case,
the PRPD pattern is recorded with a single matrix pattern acquisition time corresponding
to the full period of the AC voltage. For path A, the procedure leads to the synchronic
accumulation of measured PD pulses with respect to the DC ripple period or the specific
AC voltage harmonic (Figure 1b), with a phase angle corresponding to the occurrence
of PD.

In general, PRPD pattern acquisition may be synchronized to any higher harmonics
with respect to the fundamental frequency of the AC voltage. In laboratory conditions,
it allows observing the influence of the voltage values and the order of the AC voltage
harmonic on the parameters of PD pulses at DC + AC voltage. Since there is no characteristic
synchronization stamp in the DC voltage, similar to the zero crossing of AC voltage,
the specific harmonic voltage can be used as synchronization of the PRPD pattern. The
synchronization with the particular i-th voltage harmonic can provide the accumulation of
discharges in a time-frame corresponding to the period T of this signal.

The following sections present the results obtained during laboratory tests for which
the PRPD patterns were synchronized with a specific AC component superimposed on
high DC voltage. Acquired PRPD patterns collected data for PD pulse sets generated in
insulation defects due to the complex voltage stress produced by the DC voltage, UDC, with
superimposed ripples with peak-to-peak voltage, Up-p, or an AC component (Figure 1b).

3. Measurement Setup and Test Specimen

The investigations were made on the model specimen, imitating one of the most
common defects in high-voltage insulation. It had the form of a flat and round void with
a thickness of a = 0.24 mm and diameter D = 10 mm (Figure 2). The embedded void was
created using Nomex® flexible paper with a single sheet thicknesses of 0.08 mm. The most
common usage of this type of solid insulation is for HV applications in transformers and
electrical motors. The void sample was placed between two 2 mm glass plates to ensure
proper mechanical stability.
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Figure 2. Measuring setup for PD measurements of DC voltage with superimposed harmon-
ics: Cx—test object, Zm—coupling impedance, Cy—coupling capacitor, Ry, Ry—resistive divider,
SCU—signal conditioning unit and preamplifier [29].

The laboratory measurement stand was equipped with a commercial PD measurement
system (ICM System, Power Diagnostix, Aachen, Germany), and the HVDC source was
mimicked by the Trek 20/20B HV amplifier. The details of the principle and structure of
the PD measurement system (Figure 2) are described elsewhere [29,30]. The recording time
for PD measurements was set to 60 and 300 s, respectively, for the AC voltage and the DC
voltage with added AC component.

4. Experimental Results

The presented investigations intended to determine the effect of superimposed AC
voltage harmonics at DC voltage subject to the high-voltage insulation. Two subsequent
scenarios were considered:

(@) The DC voltage was set to 10 kV, the AC voltage component with frequency 50 Hz
was superimposed on the DC, and the amplitude of the AC voltage was changed from
the PD inception voltage to 8 kV.

(b) The DC voltage was set to 10 kV, the AC harmonic with 6 kV amplitude was superim-
posed on the DC, and the frequency of the AC voltage component was set to: 50, 150,
300, and 350 Hz.

The PD inception voltage U for the analyzed specimen was compared between pure
AC and mixed voltage DC/AC scenarios. In the case of AC (50 Hz) voltage, Uy was 5 kV
and for combined DC + AC (50 Hz), voltage was equal to 10 kV DC + 2 kV AC.

The difference between the obtained results (U) is related to the different mecha-
nisms of the distribution of electric field in dielectric materials for AC and DC fields. The
distribution of the AC electric field depends mostly on the electric permittivity of the
dielectric material, whereas the DC electric field is distributed due to the resistivity of the
material [32].

The following three examples of PD inception voltage in the form of phase-resolved
patterns are shown in Figure 3:

(a) pure AC50Hz, Uy=5kV,
(b) pure AC 300 Hz, Uy =5kV,
(c) mixed DC 10 kV + AC50 Hz 2 kV, Uy = 12 kV.
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Figure 3. PRPD patterns acquired at inception voltage: (a) AC 50 Hz, (b) pure AC 300 Hz, (c) mixed
DC 10 kV + AC 50 Hz 2 kV. (The scale for the number of pulses N presented on the right side of (c) is
the same as for the other PRPD patterns presented in the article).

4.1. Acquisition of PDPD Patterns at Inception Voltage Uy

The PD inception voltage for both frequencies (50 and 300 Hz) of AC test voltage was
identified as 5 kV. In this case, the frequency value has an impact on the number of PD
pulses for the AC voltage period; this can be seen in Figure 3a,b. For the DC voltage (10 kV)
and superimposed AC voltage, the PD inception voltage was found at 2 kV AC. The PDs
appeared at the positive half period of the AC harmonic, thus at the 12 kV peak of DC + AC
voltage (Figure 3c).

The impact of the AC component was analyzed by the application of a DC voltage with
a constant value of 10 kV, with an imposed AC component having a variable magnitude, to
the test specimen. The frequency of the AC component was set to 50 Hz, and the amplitude
varied from the inception voltage (2 kV) to 8 kV.

Figure 4 presents the results obtained for different AC voltages; the amplitude of
the AC component is equal to Upeax. For the inception voltage level, a small group of
discharges appears in the positive half period (Figure 4a). The rise of the AC amplitude
up to 4 kV provides more intensive discharges with a higher charge magnitude up to 2nC
(Figure 4b). The 5 kV AC component reveals partial discharges at the negative half period
(Figure 4c). The voltage at the sample varies between 15 kV at the AC maximum and 5 kV
for the minimum, with the frequency of 50 Hz around the DC 10 kV voltage.
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Figure 4. PRPD patterns at mixed DC 10 kV and additional 50 Hz AC content with a magnitude
Upeak: (a) 2kV, (b) 4 kV, (c) 5kV, (d) 6 kV, (e) 7 kV, (f) 8 kV.

A strong asymmetry between the apparent charge values for the positive and negative
half period is observed. The 6 kV AC component provides equalization of discharge
intensity in both polarities (Figure 4d). The rise of the AC voltage to 7 kV (Figure 4e)
and 8 kV (Figure 4f) forces higher magnitude discharges with broader phase distribution,
including the shift in the PD inception angle. In the last case, the voltage magnitude at the
sample varies between 2 and 18 kV, depending on the 50 Hz AC amplitude.

4.2. PD at DC 10 kV + AC 50 Hz Uy

The analysis of the results shows that the amplification of partial discharges, which
deteriorates high-voltage insulation materials, occurs with rising AC voltage amplitude.
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The partial discharge inception voltage is influenced by the ratio between the AC compo-
nent and the DC voltage, due to a combination of static and alternating electric fields in
the model void. The PDs measured in the specimen at pure DC voltage, at 10 kV (without
harmonic), are shown in Figure 5. The acquisition time frame was 300 s. The magnitude of
the PDs is almost equal to 1 nC, and the distance between adjacent pulses is regular and
correlated with the time constants of the relaxation phenomena in insulation materials and
the capacitance of the void.

10

[nC]
PD at DC voltage

-10

0 150 [s] 300

Figure 5. PD pattern at DC voltage (PD vs. time), at 10 kV; acquisition time 300 s.

4.3. PDat DC10kV + AC 6 kV, f[Hz]

In turn, the impact of higher harmonics appeared during the application of the DC
voltage at 10 kV with a superimposed AC component having an amplitude of 6 kV, which
was kept constant. The frequency of an AC component was adjusted respectively to a
harmonic: 50, 150, 300, and 350 Hz. It can be seen that the difference between 50 Hz
(Figure 6a) and 150 Hz (Figure 6b) is quite invisible. However, for 300 Hz and above
(Figure 6¢,d) the magnitude on both polarities seems to be attenuated. This may result
from the void re-charging time constant. The observation shows that the measured partial
discharges in the case of DC voltage with AC superimposed components were mainly
determined by the AC content. For positive polarization of the DC voltage, the first PDs
occurred at a positive half cycle of the imposed AC waveform. The combination of a
positive half cycle of harmonic and the positive polarization of DC implies a stronger
electrical field in the test specimen.

(a) f=50 Hz (b) f=150 Hz

+3.67
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+3.67

[nC]

00 F

-367
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Figure 6. Cont.
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Figure 6. PRPD patterns at mixed DC 10 kV and AC 50 Hz Upe,k = 6 kV with frequency: (a) 50 Hz,
(b) 150 Hz, (c) 300 Hz, (d) 350 Hz.

5. Conclusions

This article presents investigative results of the impact of certain AC voltage harmonics
on the partial discharge inception voltage. The AC harmonics can naturally appear in
HVDC systems due to the working principles of the power converters. The acquisition
of PDs at the DC voltage is normally performed in a time domain. A novel approach is
proposed for partial discharge measurements at DC voltage, and the synchronization of
measurements to the particular AC harmonic appearing in the DC waveform is introduced.
This process allows accumulation of pulses originating from the PDs in HV insulation with
reference to the phase of the synchronization harmonic. The synchronization signal can be
taken as a voltage measured at the AC side of the power converter, the control signal from
the power converter, or the filtered AC components or ripples appearing in the HVDC
voltage. The filtration of the AC component allows for synchronization to the particular
harmonic with consideration of its phase shift. This procedure makes it possible to measure
phase-resolved PDs in DC networks.

The synchronization should be made to the lowest detected harmonic to avoid mis-
interpretation of the measured results caused by the fluctuation of the synchronization
stamp. Based on the results of the analyses of the partial discharge measured in the
dielectric sample equipped with the void, the combined DC/AC voltage was applied to
the sample. The investigations revealed the impact of AC harmonics imposed in the DC
voltage on the intensification of the acquired partial discharges. These events influence the
technical conditions of HV insulation systems.
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