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ABSTRACT

In modern HV apparatuses the wide use of electronic converters, increase the stress on
the involved insulation systems and thus affect the reliability of the whole power grid.
Additionally, such non-sinusoidal voltage shapes contain high gradient flanks that
create problems in the detection of partial discharge (PD) activity. The aim of this
paper is to discuss the methodology on how to suitably approach PD detection in
insulation systems exposed to various voltage waveshapes in general by comparing two
different measuring systems. The first one, equipped with a resonant PD decoupler,
designed specifically for detection at typical power electronic waveshapes and the other
one, based on an antenna sensor with flat frequency response, a general-purpose AC
system. It was found that not so much the acquisition principles as the features are
important for effective detection of PD signals appearing at rapidly changing test
voltages from power electronic devices.

Index Terms — Partial discharges, measurements, Square voltage waveforms.

1 INTRODUCTION

Increased use of power electronic devices based on
Insulated-Gate Bipolar Transistors (IGBTs), Thyristors
(SCRs) and Mosfets (FETs) results in the appearance in
power systems of voltage waveforms that are different from
sinusoidal and often contain fast transients. Exposure of
electrical devices to such voltage waveforms yields new
types of problems, principally in their insulation systems,
and much work has been dedicated to evaluating these
effects [1-7]. In the case of standard 50-60 Hz sinusoidal
sources, the partial discharge (PD) detection techniques
have taken advantage of the substantial difference in the
frequency content between the driving voltage source and
the discharge signals. This possibility disappears in the
presence of fast transients, which have frequency content
similar to that of PDs [8].

In this context new approaches and detection methods
are required [9]. It is well recognized that Phase Resolved
Partial Discharge (PRPD) patterns obtained under
sinusoidal excitation can be useful for defect identification
[10]. In the case of power devices supplied by synthesized
sine waves, PDs are often concentrated to the voltage flanks
and thus the pattern follows the Pulse Width Modulation
(PWM) shape and the defect identification requires other
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interpretation schemes. A quantitative interpretation scheme
of the PWM waveform filter level (smoothness), yielding
the same level of PD activity as for sinusoidal waveforms,
has been defined [9]. As repetitive short rise-time pulses
generated by most power electronic components cause an
additional stress [11-15], the combined impact of these
stresses makes the measuring process of PDs more difficult,
especially in online conditions where additionally the
external noise affects the measurements. Reduction of
insulation lifetime is often associated with the presence of
short rise-times in the supply voltage [9, 16-19]. Many
papers are focused on the effect of rice time considering
that some technical standards do not require the use of
PWM waveforms (but only sinusoidal) for tests on
components powered by inverters [15, 16, 20, 21].

This paper discusses some of the challenges involved in
electrical PD detection when square voltage shapes are
used. The ambition is to illuminate the requirements on a
PD detection system that can be used in such cases, and
illustrate it by comparing simultaneous measurement results
of two different measurement systems, of which one is
designed specifically for the detection at voltage waveforms
generated by power electronic devices whereas the other is
a general-purpose antenna based system designed for
convenient field use. The waveforms generated by power
electronic devices normally have a rise time of some
microseconds, for GTOs, some tens of nanoseconds for



IGBTs, passing through the BJTs that have intermediate
rice times [22, 23]. In addition, the actual sources generate
pulse trains (PWM) of varying amplitude and/or duration to
synthesize an AC waveform. If such waveforms had been
used, the general-purpose system would show severe
difficulties in performing the measurements and thus no
detailed observations could be obtained. Instead,
waveshapes that are close to the limit of the general-
purpose system capability (few microseconds) were used
for illuminating the encountered difficulties as well as for
demonstrating the limit of detectability in the laboratory
and onsite.

2 HIGH VOLTAGE GENERATION
SYSTEMS

The first setup is based on a high voltage switch (Behlke
HTS 501-03-GSM), with the main objective to generate
square shaped voltages of different rise times. Here the
generic test object (illustrated as a cavity) is connected to
point ‘A’ of the supply system, as indicated in Figure 1.

The second setup, a traditional AC IEC 60270 PD test
circuit, employs a 50/60 Hz HV transformer, a filter resistor
of 100 kQ to limit power system noise and a coupling
capacitor of 100 pF connected in parallel with the PD
source. More details about both these setups can be found
in [7-9].
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Figure 1. PD test_setup with high voltage switch (Behlke HTS 501-03-
GSM) and the smoothing filter.

3 ACQUISITION SYSTEMS

Applying the IEC 60270 based PD detection method
does not work at steep voltages, as the voltage remnant
from the polarity shift overloads the PD detector [8]
because the difference in frequency content is much lower
than when using 50 Hz sinusoidal excitation. This method
is therefore not used by the two acquisition systems in this
work. The first system uses a resonant PD decoupler
designed specifically for measurement of PDs at square
shaped voltage waveforms, including PWM waveforms,
and employs a stochastic PD detection technique [2]. The
other system is based on an antenna sensor with flat
frequency response and is mainly designed for online PD
measurements. Additionally, the principles how the data are
acquired and processed are based on different approaches,
each one characterized by own pros and cons, as will be
explained in the following. Finally, in the performed
measurements, no common calibration process between
charge and amplitude of the acquired signals is carried out,
instead the focus was on suppressing the influence of noise

and to perform relative measurements between the two
systems.

3.1 THE STOCHASTIC PD DETECTION SYSTEM

The STOchastic PD detection system, (STOPD) is
described in depth in [8,9]. The data processing technique
utilizes the stochastical nature of the PDs to separate them
from the high voltage remnants remaining from the applied
waveform as well as phase locked disturbances. This
requires full period acquisitions, which also allows a wide
range of noise reduction techniques, not only filters. In
particular time based noise suppression can be used.

The analog detection system, based on a Resonant PD
Decoupler, consists of three different parts: a high pass
filter, a frequency dependent voltage divider and finally the
amplification part that is realized by utilizing the resonance
peaks appearing in a coaxial cable with optimally
mismatched termination impedances. This implies an
approximate cut-off frequency of 10 MHz [9]. To collect
the data used in this paper, the decoupler is connected to a
14 bit NI-DAQ digitizer with a sampling rate of 100 MS/s.
A larger bit depth of the digitizer increases the dynamic
range by detecting both large and small PDs, which is
important for studies of insulation deterioration effects. The
data processing principles utilized and described in [9] also
allow the use of antenna sensors.

For the stochastic PD system, there is no hardware PD
trigger, as generally an entire period is recorded and the PD
trigger level is found by estimating the noise. Thus this
system can set the trigger level automatically. The
estimated sensitivity of the STOPD system is
approximately 1.5 mV/pC. For any of the configurations
based on capacitive coupling, the shape of the PD response
depends on the electrical filters utilized. An approach to
avoid this issue is discussed in [9].

3.2 SYSTEM BASED ON ANTENNA PD SENSOR

For PD measurements, especially in online conditions,
the use of inductive or capacitive sensors requires direct
electrical connection to the devices under test. It usually
implies a shutdown of the plant and non-negligible
additional work. The use of an antenna sensor, designed to
pick-up the electromagnetic field radiated by PDs,
overcomes these problems and simplifies the
measurements. Various antenna sensors have been
proposed in literature [24-25], but often a reduced
sensitivity in terms of directionality and bandwidth
compared to traditional sensors, and a larger influence of
surrounding noise limits their usefulness. Furthermore,
antenna sensors do not provide information on the AC
voltage phase, which has still to be obtained in another way.

The PD measurement system adopted in this work
consists of a Portable Antenna Sensor (PASPD), also
capable to sense the AC voltage field, integrated with a
digital acquisition system. This system is connected via an
integrated Wi-Fi router to a computer, showing the acquired
signals in real-time.

To overcome sensitivity problems and obtain noise
rejection, sensors conventionally employ resonance



antennas. In this particular case, however, an ultra-wide
band (UWB) antenna is adopted, having an almost flat
response in the VHF bandwidth of 0.1-100 MHz where
most of the PD radiated energy is generally observed. This
novel approach allows obtaining a less disturbed pulse
waveform, unlike the resonant sensors, thus simplifying the
separation of pulses of different origin from noise by post-
processing techniques. All pulse signals are acquired,
stored, processed and sent to the computer by a Field
Programmable Gate Array (FPGA). Samples are acquired
with a resolution of 8 bit and a rate of 200 MS/s. The
resulting bandwidth of the instrument (sensor + analog
front-end + ADC) is 0.7 Mhz — 100 Mhz [26, 27].

The system acquires the pulses with the corresponding
phase angle and records the time sequence. It does not
return information about position within the total
acquisition time. In particular, a spherical monopole placed
at a short distance from a rear ground plane was adopted to
improve the directional sensitivity of the PASPD system
and its behavior is described extensively in [28-32].
Furthermore, no calibration process of the acquired signals
is carried out, even though, from previous experiences, the
estimated sensitivity of the PASPD system is approximately
10 mV/pC [33].

4 MEASUREMENTS

The choice of test objects has been made primarily to
evaluate the effect of different input voltage waveforms on
the PD characteristics and whether the chosen methods
would detect these influences. Test objects that will
produce either large or small as well as a few or many PDs
have been selected to really be a challenge for the tested
methods. A secondary aspect is to investigate the possibility
to recognize a specific PD source (internal, surface) also
when the PD pattern is generated by square waves of
different rise times.

With this in mind, the PD sources were chosen to cover
typical defects that normally appear in high voltage
insulation systems, such as internal cavity (represented here
by a three layer structure with a hole of 4 mm of diameter
in the central layer) and surface discharge object (twisted
pair). Finally, a three phase motor stator is chosen for
representing a practical and more geometrically complex
insulation system. The latter provides a multitude of PD
sources and poses different difficulties for the evaluated
detection methods.

Several test voltage shapes were used, a pure sinusoidal
50 Hz input was chosen as a reference for interpretation of
the recorded PD activity. Four variants of square wave
voltages were used with frequencies of 50 and 350 Hz, each
with a relatively fast rise time of 10 us or a slow rise time
of 250 ps. Measurement data for each of the cases were
collected with both acquisition systems, maintaining the
same conditions during the measurements. For the STOPD
system, complete traces, each covering one period, were
recorded continuously [9]. The PASPD system was placed
40 cm away from the source with the antenna sensor
oriented identically in all the cases. The signals were
acquired by considering a statistically suitable number of

pulses to record, not a specific number of cycles or time
interval. The discharge amplitudes are therefore, for relative
comparisons, indicated in mV. Phase Resolved Partial
Discharge (PRPD) patterns were acquired for each source
of discharges.

5 DATA ANALYSES AND
INTERPRETATION

5.1 SINUSOIDAL VOLTAGE WAVEFORMS

The conventional interpretation of the tested PD sources
was made by applying a sinusoidal voltage of 50 Hz. Tables
1 and 2 present respectively the parameters obtained by
means of STOPD and PASPD systems. In Table 1, the
input voltage amplitude, selected to be 10% larger than
PDIV for each defect, the maximum and minimum value of
PD amplitude detected by STOPD system are reported for
each case separately, where Summed PD means the sum of
all collected PD magnitudes per cycle (which is 20 ms in
sinusoidal 50 Hz test), Average max PD means the average
of the maximum PDs found in each trace during the data
collection. Finally, min/max PD shows the max and min
amplitudes found during the measurements. The STOPD
system is able to determine the same parameters also for the
square voltage shapes, unlike the PASPD system that is
able to obtain them only for sinusoidal waveforms.

TABLE 1. PD data acquired at sinusoidal voltage of 50 Hz by STOPD

system.
Input PD Sources
Sinusoidal 50 Hz Internal TVPV;sit:d Motor Stator
Voltage
Amplitude [kVpp] 14 22 4.8
Min/Max
PD [mV] 1.16/150 18/280 0.74/27
amplitude
Average
Max PD [mV] 65 120 17
Summed
PD/cycle 4] 0.22 0.74 0.4
Number of | /PDs/cycle] 6.7 14 136

In Table 2, PD parameters acquired with PASPD are
shown. In addition to the discharge parameters, the
instrument determines statistical parameters of the Weibull
distribution calculated online for positive and negative
discharges.

Table 2. PD data acquired at sinusoidal voltage of 50 Hz by PASPD

system.
Input PD Sources
Sinusoidal 50 Hz Internal | TWisted | o @  Stator
Pair
Voltage

Amplitude [kVpp] 14 2.2 4.8
Min*/Max

PD [mV) 60/150 40/270 10/80
amplitude
Number of | [PDs/cycle] 5.6 9.8 80.6

* Minimum values are influenced by the trigger level used to prevent the
acquisition of small-amplitude noises.

Starting from the assumption that a direct comparison
between the values obtained from the two instruments can
be difficult due to the completely different acquisition



techniques, one can observe from the tables that the
determined PD parameters show differences in the amount
of PDs per cycle and their minimum amplitudes, which is
partially caused by the selected trigger level. The maximum
PD amplitudes are on the other hand quite similar for the
two systems.

Cavity PD acquisitions

The acquired PRPD patterns from the cavity, applying
both STOPD and PASPD systems, are shown in Figures 2a
and 2b respectively. It can be observed that the STOPD
system finds a number of smaller PDs that are not seen by
PASPD because of the larger dynamic range in the STOPD
system.
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Figure 2. PRPD patterns of cavity PDs at 14 kV,, sinusoidal voltage
detected with the STOPD a) and PASPD b) systems.

Detected PD pulse shape, rise time, equivalent time
length and frequency spectrum can generally be used to
recognize the time-frequency characteristics of PD signals.
As reported in literature, it is a well-recognized fact that
wide band sensors are able to separate different PD sources
by pulse shape analysis in time and frequency domain [34-
36]. This possibility is strongly related to the frequency
response of the antenna sensor. Figure 3 shows the time and
frequency domain analysis of at PD pulse for both systems.
The Fast Fourier transform (FFT) was applied to obtain the
Single-Sided Amplitude Spectrum of the PDs. It can be
observed that both systems show resonance peaks in the 20
and 30 MHz range and have comparable frequency
characteristics. The STOPD system has a bandwidth limited
to 50 MHz in these measurements as 100 MHz sample rate
is used. Its low frequency content is more suppressed than
in the PASPD system, reflecting the resonant detection
used. Pulse width in the PASPD system is about 0.15 ps,
whereas the STOPD gives a pulse width of about 0.35 ps,
again due to the resonant detection method.

In the FFT analysis of internal and twisted pair
specimens, a prevalent frequency content observed between
10 Hz and 40 MHz. In the motor stator the detected PDs

have a shape that oscillates more slowly, as the PD signal
path has different characteristics than in the other systems.
In this case the measured frequency content is concentrated
around 10 MHz. These differences in frequency content can
provide indications to recognize different PD sources. The
PASPD system utilizes FFT and pulse shape cross
correlation analysis to separate PDs from noise.
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Figure 3. Cavity PD pulse and its frequency spectrum obtained with 14
kV,, (a) sinusoidal voltage with STOP, (b) PASPD( b) systems.

As expected, these results illustrate that both systems
were able to detect the PDs from the different sources, each
with different properties but obtaining results in good
accordance for all the defects.

5.2 SQUARE VOLTAGE WAVEFORMS

The two PD acquisition systems presented differ partly in
the signal acquisition philosophy, but - equally importantly
- also in how the measured data is processed which will be
more important for these wave shapes.

The STOPD system is designed specifically to detect
PDs at rapidly changing voltage fronts based on a resonant
decoupler that suppresses pulses below the lowest
resonance frequency, reducing the noises due to remnants
and commutations considerably. This procedure together
with the use of the stochastic nature of the PD allows to
discriminate partial discharge from disturbances with
different frequency content as well as phase locked
disturbances. All PDs are detected from full-period
acquisitions and analyzed for amplitude and timing with
high resolution [9]. However at the same time, the resonant
decoupler transforms the pulse shape making it difficult to
identify possible changes in the PD mechanism without
post processing analysis [9].

The PASPD system based on antenna PD sensor, acquire
individual PD events utilizing the flat frequency
characteristics of the transfer function in the bandwidth
between 0250 MHz.. However, in this way noises due to
remnants and commutations are also acquired without any
attenuation. The discrimination process between PD and
noises is implemented through the pulse shape, frequency



content and phase locked analysis. This process employs up
to four software filters, in both on and off line mode. Each
filter is applied selecting a specific pulse from the pattern
with a cursor, then the filter can remove similar pulse
shapes applying a cross correlation process with selectable
sensitivity [31]. Therefore, the combined advantages of the
two PDs measuring systems have allowed a comprehensive
examination of the PD phenomenon and to compare output
and possible observations. However the use of square wave
implies most often the use of semiconductor devices, which
may introduce additional noise as will be discussed in the
next section.

5.2.1 Disturbance/noise due to pulses generated
by high voltage transistor switch

The HV switch set-up, illustrated in Figure 1, was used to
generate square waveforms. While the polarity shift leaves
voltage remnants in the captured data for both PD sensors,
the high voltage switch generate some additional high
frequency pulses with a fixed repetition rate between each
polarity change. In Figure 4, a twisted pair PD pattern with
square wave 50 Hz and rise time 250 ps shows the presence
of some pulses of different origin. In particular, inside the
circle, pulses generated by the HTS HV switching at the
polarity reversal and inside the square frame pulses
generated internally by the HTS switch were identified.
These noises are identified by considering that they are
constant in phase and are also present at lower voltage than
PDIV. Furthermore PD pulse shapes and FFT are different
to the noises one. Furthermore, in this case the PDs are
larger than the noise, which facilitates the detection
considerably. In other cases post-processing methods will
be necessary. Thus the problem with additional pulses
become more serious at lower frequencies. In particular, for
a 50 Hz square wave, about 32 false PD pulses per period
appear, while for a 350 Hz square wave considerably less.
However, these disturbances have a deterministic behavior
which make it possible to identify and separate them from
the partial discharges by the stochastic PD method using
timed gating [8]. Without this signal processing this noise
would be present in the measured signal, just as shown in
Figure 4 for the antenna system which acquires all pulses
simultaneously but processes the data in a completely
different way.

The PASPD system detect and acquire all signals
together, both disturbances and partial discharges with less
distortion of the pulses, due to the flat frequency response
of the antenna sensor. The partial discharge analysis must
be carried out at the end of the acquisition to identify the
actual PDs, employing filters with selectable sensitivity to
eliminate undesired signals.

The time and frequency analysis of pulses generated by
the HTS HV switching and the time analysis of pulses
generated by the DC HV supply are shown in Figure 5 and
6. The larger pulse signal remnant from the polarity shift
contains higher amplitude spectrum in the frequency range
between 30 and 40 MHz than the DC supply noise.
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Figure 4. Twisted pair PD pattern under square voltage waveform of 50
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Otherwise, the PDs shape and repetitive time position of
switching noises allow identification between discharges
and noises. Separation among different pulse shapes is also
possible by applying a cross correlation method.

5.2.2 Analysis of square waves 50 Hz/350 Hz at
rise times 10 ys and 250 ps

Sometimes, different PD phenomena can be identified
and classified by mean of pattern recognition analysis for
sinusoidal waveforms [37]. Using square waveforms, the
classical methods for partial discharge identification based
on the shape of the discharge pattern is no longer usable.
Phase angle Ag, statistical parameters such as Weibull and
others standard statistical parameters are not significant
with square waves, so the classical statistical analysis
cannot be applied [38].

One of the main characteristics observed for square
waves is that most PDs are concentrated at the rising and
falling edges of the applied voltage waveform [9]. The
adoption of different rise times allows evaluation of its
influence of the partial discharge phenomena. In particular,
it was observed in all the measurements made, that the
phase angle of discharges was lower in the case of square
wave with rise time of 10 pus compared to the case of 250



us, which is a consequence of PDs occurring only on the
edges. As expected the voltage remnant was higher and
more oscillatory in the captured data with the shorter rise
time than in the case of 250 ps rise time. Furthermore, from
the tests it was generally observed that the frequency
content of the PDs did not change for 50 Hz or 350 Hz
square waves, as expected.

1) Cavity PD

The acquisition of cavity discharges with the PASPD
system has presented more difficulties than for other
defects, especially with the shorter rise time. Internal PDs
with a 50 Hz square wave with 250 ps rise time have a
measured PD amplitude comparable to the switch noise as
shown in Figure 7. Therefore, the system acquires both
types of pulses. Besides Figure 7 shows the PD pattern with
the cavity discharges near the polarity shifts and the switch
internal noise spread out over the complete period. It is
however still possible to visually distinguish the PD pulses
from the noises.
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Figure 7. PASPD: Internal PD pattern applying a square wave of 50 Hz
with rise time 250 ps.

Most PDs are located at the square wave polarity change,
but a few are evenly distributed across the period. Here the
PD amplitude is comparable or even smaller than the
magnitude of the switch noise.

A similar result is obtained at 350 Hz, where only two
switch noise pulses appear. In both cases a typical pulse
shape is acquired and the amplitude spectrum analysis can
be performed. In Figure 8 the PD signal (a) and its
amplitude spectrum (b) is shown. The frequency content,
although contained mainly between 15 and 40 MHz as in
the sinusoidal case, presents a quite different shape
distribution (see Figure 3b).
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Figure 8. PASPD: Identification in time (a) and frequency (b) Internal PD
applying a square wave of 350 Hz with a rise time of 250us.

An even more demanding condition for the portable
PASPD instrument is a measurement when applying a
square wave with a rise time of 10 ps. In such conditions,
the instrument was only able to identify the pulses
generated by HTS HV switch and with a reduced rise time
the PDs appear often superimposed to the voltage remnants
as shown in Figure 9. In the Figure it can be observed the
10 us voltage rise time (blue line) and the voltage remnant
in which PDs are present after the first microsecond (red
line). In this case the PDs appears only in the first few
microseconds after the remnants while with longer rise
times the influence of the voltage remnant is less
prominent.
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Figure 9. PASPD: Internal partial discharges applying a square wave of
50 Hz with a rise time 10us superimposed on the voltage remnants.

It is thus observed that the acquisition of PDs become
more difficult with the antenna sensor for rise times less
than a few tens of microseconds.

With the STOPD system the effect of the voltage’s rise
time is illustrated in Figure 10, where a comparison among
square waves of 10 ps and 250 ps rise times (50 Hz) and
the 50 Hz sinusoidal waveform are shown. A progressive
concentration of PDs to the voltage flank and a high PD
magnitude can be observed. In [9] it is however shown that
in relation to the rise time, the time delay is increased when
the rise time decreases.
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Figure 10. STOPD: Comparison of cavity PD activity during tests with
square waves of rise times 10 ps and 250 ps (50 Hz) and sinusoidal wave
of 50Hz.

2) Twisted pair PD

The second defect was represented by surface discharges
in twisted pair specimens. With 50 Hz sinusoidal waveform
applied, both systems showed maximum discharge
amplitudes up to about 0.2 V (STOPD) or less. Applying
square voltage waveforms at 350 Hz however do result in
higher PD magnitudes at the 10 ps rise time as illustrated in
Figures 11 and 12. Figure 11 illustrates the PD pattern
obtained by means of PASPD system when applying 350
Hz square wave for both 10 and 250 ps rise times. As can
be seen, also in this case there is a strong dependency of the
rise time. For the rise time of 10 pus (red pattern), PDs are



predominantly localized on the waveform flanks and their
amplitudes are higher. In the second case, rise time of 250
pus (blue pattern), the PDs amplitude is lower and
conversely the phase angle of discharges increases.
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Figure 11. PASPD: Compared twisted pair patterns with square wave 350
Hz at rise time 10 ps and 250 ps.

Similar results were obtained with STOPD system, see
Figure 12. Twisted pair acquisition with square wave 350
Hz at rise time 10 ps and 250 ps respectively have shown
the same trend of the patterns. The number of PDs detected
follows the number of polarity shifts and the PD amplitudes
are larger for the shorter rise time. The longer rise time also
reveals more PDs per cycle but with smaller magnitude.
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Figure 12. STOPD: Comparison of twisted paid PD activity acquisition
with square wave of rise times 10 us and 250 us (350 Hz).

The PDs that appear in twisted pair test object have
overall larger magnitude than the noise, which facilitates
the detection process.

3) Motor Stator PD

The comparisons of PD activity in the motor stator setup,
for the 10 ps and 250 ps waves as well as for the sinusoidal
waveform of 50 Hz are respectively illustrated for PASPD
and STOPD systems in Figures 13 and 14. Here again a
progressive increase in PD amplitudes can be observed for
shorter rise times, whereas their magnitudes for the longer
rise time and the sinusoidal waveform are about the same.
The dynamic range used in the STOPD system is however
larger. The PD magnitudes close to the polarity shift are
here larger than the switching noise, which better facilitates
the data analyses that are done on-line. For PASPD system
the triggering level is set below the switching noise and
thus more challenging to resolve the PDs, which requires an
additional post processing to quantify the actual exposure.

The multitude of PDs appearing in the captured trace for
this test object makes it impossible to resolve all PDs [9],
thus only the ones detected with the STOPD system are
indicated.
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Figure 13. Comparison of motor stator PD activity during PASPD tests
with square waves of rise times 10 ps and 250 ps (50 Hz) and sinusoidal
wave of 5S0Hz. Note that, in these tests, the sinusoidal peak amplitude of
the applied voltage is somewhat higher than the square waves.
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Figure 14. Comparison of motor stator PD activity during STOPD tests
with square waves of rise times 10 ps and 250 ps (50 Hz) and sinusoidal
wave of 50Hz.

Figure 15 exemplifies a stator motor PD pulse shape
recorded by PASPD and STOPD systems.
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Figure 15. Motor stator PD pulses at 50 Hz square wave of 10 ps rise
time; (a) obtained with PASPD system, (b) obtained with STOPD system
with 2 PD events indicated. Note that the same PD event is not used in
both figures.

6 DISCUSSION

It has been shown by means of the presented study that
both the tested PD measurement systems, PASPD and
STOPD, were able to measure the maximum amplitudes of
PDs occurring above the switching noise. The increase in
PD magnitudes for the shorter rise time was also recorded
by means of both systems for the surface type of discharges
(twisted pair and motor stator) while some problems
appeared with detecting cavity PDs by PASPD system. In
contrast, STOPD system could record the cavity PDs in the
same way as for the sinusoidal exposure.

The presented tests were performed with the aim to
observe how different rise times of voltage waveforms
influence PD characteristics of various types of objects, as
observed in [9, 19], that the use of steeper waveforms
results in larger PD magnitudes and appearing at higher



(applied) voltage levels. Several other indications for
possible changes in PD mechanisms has been observed,
such as shorter rise time of the PD itself for the steeper
waveforms. We thus below discuss how a measurement
system should be designed to obtain relevant information
under challenging conditions.

The standard sinusoidal 50 Hz waveform tests are
presented for comparison to illustrate the PD behavior of
the used sources and to show that PASPD and STOPD
systems may well be used, albeit with different parameters
in the analyses. This is because the STOPD system,
designed for power electronic waveforms, provides
additional analysis options, and only a few of them have
been here presented. For the PASPD general-purpose
system, the analysis parameters are of standard type,
obtainable by means of similar commercial systems.

An important feature in the present context is the pulse
resolution time, which must be considerably smaller than
the voltage rise time to facilitate detection of multiple PDs
at rising voltage flanks. To handle synthesized waveforms
such as PWM, additional features are required, such as
several time scales to keep track of PD positions in relation
to both the switching frequency and the generated low-
frequency sinusoidal waveform; such features are not
discussed here, see [9] for a more complete description.

There are many design choices to make when a PD
system is built. Unfortunately, only the sensing method is
mainly given attention while other important design
features that affect the final result are overlooked. A simple
example of the influence of design choices is that the
maximal frequency used, 350 Hz, was dictated by the
general purpose system (PASPD) as it had difficulties to
synchronize to frequencies higher than about 500 Hz. This
limitation comes solely from the design and some
additional adjustments may enable its synchronization to
higher frequencies.

Basic to any method for detecting PDs when applying
square shaped voltages is the ability to suppress the high-
frequency components of the test voltage, so that these are
not mistaken for PDs or inhibit a sensitive detection.
Several methods are needed here, nevertheless short voltage
rise times will impose problems at least when the rise time
is so short that it is comparable to the PD duration, which
often is a few ns. The future use of SiC technology may be
an example of such challenging conditions and there future
work is required. The primary method is to suppress low
frequencies by the analogue sensing circuit which is done in
both systems by different means. The resonant coupler used
by STOPD system suppress 1 MHz four orders of
magnitude below the first resonance around 10 MHz [9].
The antenna sensor is equipped with a high pass filter
having a cut-off frequency of 500 kHz. Shorter rise times
demand higher cut-off frequencies. High cut-off
frequencies pose however a risk of not being able to detect
PDs in all situations as PD sources with ps duration has
been observed [39], therefore other methods are required to
handle those cases.

To improve pulse resolution, particularly at short rise
times (less than 10 ws), it is important that the duration of
PD pulses are as short as possible. Here, the resonant
properties of STOPD system provide longer pulse duration
than the wide-band acquisition in PASPD system. A larger
band-width generally implies lower sensitivity, however.
This point certainly represents a goal for an optimized
measurement system.

The STOPD system is designed to suppress the remnants
of the voltage signal after the analogue sensor by utilizing
the fact that these remnants are repeatable while PDs are
not. This is a very effective method, but requires that both
PD signals and voltage remains are resolved in digitization.
High-resolution digitizers are thus an advantage with this
technique as the PD signal can then be allowed to be
hundred times smaller than the voltage remnants and still be
detected. The general-purpose system does not employ
stochastic analysis even though it may be favorable for AC
waves in some conditions [2].

Another method to suppress disturbances is to use gating,
i.e., PD detection is turned off under certain conditions.
Such functionality is available in many commercial PD
detection systems for AC, where an extra channel is used to
pick up disturbances. In the present case, the disturbances
are generated by the voltage source and could ideally be
suppressed by the stochastic technique. This requires
however that the disturbing signals are adequately digitized
and stable in time. Neither condition applies in STOPD
system: the sampling rate is too low to resolve the
switching noise in enough detail and there is further an
inherent time jitter in the switch of the order of & 1 ps. Thus
the system uses timed gating to suppress these disturbances.
The gating times are determined from a measurement below
PD inception, prior to the actual measurement. Such a
timed gating facility is probably required for any PD system
that should be used for power -electronic generated
waveforms.

An important design difference between the two systems
studied is how a PD signal is acquired. Many digital PD
systems, including the presently studied PASPD system,
trigger acquisition when the analogue signal is above a pre-
set limit that defines the smallest PD detectable. When
triggered, a PD signal is recorded for a specific time, in this
case generally 1.25 ps, and the PD parameters are extracted
from this recording. Besides the trigger approach however,
PASPD system can as an additional feature suppress
unwanted signals by applying filters, based on a cross
correlation process with selectable sensitivity, removing all
pulses with similar shape. In contrast, the stochastic
analysis requires much longer recordings, which are
triggered on the applied voltage to properly record the
voltage remains. PDs are detected by software in these
records after subtraction of the repetitive signal. In addition
to enable the stochastic treatment this gives also greater
flexibility in the PD parameter analysis and makes timed
gating possible. The PD trigger level can be determined
from a signal noise estimate and the duration can be
variable. With careful design of the PD analysis algorithm,



it is possible to detect the next PD signal before the
previous has fully decayed.

Post-acquisition detection of PDs in a longer recording is
thus a requisite for a PD system used with rapidly changing
voltages as this gives the shortest possible time between
detected PD events. As seen in Figure 9 (10 ps rise time &
10 ps recording in antenna system), PASPD system can
record numerous PDs occurring on the voltage flank but has
presently limited capability to analyze them individually.

7 CONCLUSIONS

It is demonstrated that there are a number of features,
important for effective detection of PD signals appearing at
rapidly changing test voltages from power electronic
devices. The main requirement is the ability to synchronize
to substantially higher frequencies than the normal power
frequency. A more complete analysis of full periods, such
as appearing at PWM shapes requires the use of several
time scales. Another basic requirement is the ability to
effectively supress the high frequency content in the test
voltage. Analogue or digital frequency domain filters play
can be utilized, but cannot be expected to handle this task
fully satisfactorily by themselves at very short rise times.
Therefore, to enhance PD detectability, other techniques are
required, such as the time domain stochastic filtering that
was employed here.

Another observation is that it is preferable to detect PDs
in digitally recorded traces instead from analogue signals,
as this enables the highest possible PD time resolution and
eliminates the hardware dead-time.

This work has also demonstrated that PDs can be
detected by various sensing methods with comparable
sensitivity. It is thus more the design features mentioned
above that may enable a PD system to be used for power
electronic waveforms than the sensing principle as in all
insulation systems tested it was shown possible to detect the
presence of PDs and observe changes in amplitude for
square shaped voltages.
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