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Abstract: When detecting the presence of partial discharge (PD) activity in the insulation system in
high-voltage equipment, the excitation voltages at variable frequency have been widely used instead
of power-frequency (50/60 Hz) sinusoidal voltage in order to reduce the charging power. This
work reviews the relevant research on PD activity at very low frequency (VLF) method, including
sinusoidal or cosine-rectangular voltage shape, and damped AC (DAC) method. Based on the
research history and development status, some major PD characteristics, such as PD inception
voltage (PDIV), PD amplitude, PD charge, PD phase-resolved pattern, and several hot issues, such
as surface charge decay and statistical time lag, have been discussed. Moreover, the advantages,
disadvantages, and applied conditions of two reviewed methods has been summarized. Finally, the
prospects have been made on the main development trends of this research field in the future.

Keywords: partial discharge; very low frequency method; damped AC method

1. Introduction

Partial discharge activity has been normally recognized as a symptom of degradation
and overstress in high-voltage electrical insulation system. It has been reported in many
sources, e.g., in [1], that the presence of partial discharge (PD) can indicate not only the
electrical stress, but also the mechanical, thermal, or ambient stresses. Thus PD measure-
ment has been used for many years as a powerful tool to detect and interpret the signature
of locally confined insulation defects. For instance, loss factor measurement was a good
criterion for the quality of cable with oil-paper insulation, but it was too insensitive to
locate individual cavities and defects in the solid insulation of polymeric cables. Therefore,
it becomes extremely important to subject polymeric cables to PD measurements in order
to avoid early breakdown caused by singular weak spots, which cannot be detected in loss
factor measurements [1]. PD activity is normally measured with 50/60 Hz AC sinusoidal
voltage stimulus in an on-site testing situation, but it can also be measured at other voltages
or frequencies [2] and IEEE Std 400.3TM-2006 [3]. During the last decades a number of
voltage excitations are introduced to detect electrical PD related defects in the shielded
power cable systems, as shown in Table 1.
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Table 1. Different voltage excitations for partial discharge (PD) detection in shielded power cable systems.

Lab-Testing Voltages On-Site Testing Voltages

Continuous excitation
AC 20–300 Hz

50/60 Hz ACAC Very Low Frequency (VLF 0.01 Hz to 1.0 Hz)

Temporarily excitation
Damped AC

(DAC 20 Hz to 500 Hz) ——
Impulse

The intention of varying frequency methods is based on the fact that quality assess-
ment of electrical equipment could be performed at other frequency other than power
frequency, if the relevant results yielded from two compared frequencies are similar. On
the other hand, in the case that the results are not similar, the information of frequency-
dependence of PD behavior can be obtained. In this case, the benefit of this method is that
the local conditions at defects within or on the insulation, such as electric field distribution,
surface charge accumulation and decay process, change with the varying frequency, lead-
ing to the changing of PD behavior. The PD frequency-dependence has been utilized in
extracting more information about the condition of insulation system than that is possible
from the traditional PD measurements at a single frequency. For instance, the nature of
frequency-dependence of PD behavior could be useful for the classification of different PD
defects and evaluation of the degree of progressive aging [4].

The primary aspect of using other frequencies than power frequency in high-voltage
diagnostic field is to choose practical and economically realistic supply systems. Consid-
ering the cost, size, and weight of the energizing equipment, the simplest approach is to
use appropriate supply frequencies. The power P needed to stress the insulation system is
determined by the test frequency f, test voltage U and capacitance of test object C

P = 2π · f · CU2 (1)

The supply frequency needs to be reduced when the test object is prevailingly capaci-
tive, such as high-voltage power cables, which require high capacitive power at power-
frequency AC stress condition. Thus, the developed method for reducing the capacitive
charging power is to detect the presence of PD activity with very low frequency (VLF)
method, like stressing the test object at 0.1 Hz, or by using damped AC method in the
range of 20–1000 Hz [5,6], which has been increasingly popular for the PD detection of
high-voltage power cables [2]. On the other hand, the supply frequency is enhanced when
the test object is prevailingly inductive [5]. For instance, transformer windings are often
tested in the frequency range of 100–400 Hz to avoid core saturation at power frequency
during the test [7,8].

However, at the moment there is no review paper on the relevant works about PD
behavior at variable frequency of excitation voltage. It is significantly important since
variable-frequency PD behavior covers a great number of works in the research field of PD
activity. The review paper can provide a clear picture about present research achievements
and better guide the future work in the relative field. The paper therefore provides a
full review of research on PD behavior at VLF method including sinusoidal or cosine-
rectangular voltage shape, and DAC method, since they have the same purpose of practical
application in the field of insulation diagnosis. The research history, current development
status, existing problems and present practical application of PD measurement for each
method have been reviewed. Some major PD characteristics, including PD inception
voltage (PDIV), PD amplitude, PD charge, and PD phase-resolved pattern have been
discussed. Several hot issues, such as surface charge decay and statistical time lag, have
been analyzed. Then, the advantages, disadvantages, and applied conditions of two
reviewed methods has been summarized. Based on the current investigation, the prospects
have been also made on the main development trends of this research field in the future.
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2. VLF Method
2.1. Background

One of the original works on the subject of high-voltage testing of electrical insulation
with frequency lower than power frequency was given in 1961 by Bhimani [9]. Before
this, DC voltage tests as a more convenient substitute for power frequency test were
performed with the same motivation of reducing the power supply. However, although
DC voltage has proved effective over many decades for diagnosing the impregnated paper
insulation, the applied DC voltage must be several times higher than that for the case
of an AC applied voltage due to the absence of polarity changing. On the other hand,
the resulting space charging effect under the influence of DC voltage would cause the
preliminary damage of the insulation for polymeric insulated cables at high and extra-high
voltages. An illustration of space charge effect after DC testing cross-linked polyethylene
cables (XLPE) cables is shown in Figure 1. These are the main reasons why DC voltage test
cannot represent a usable method of detecting faults in insulation system [10]. Moreover,
it has been found that testing with DC voltage does not stress the insulation in the same
way as that with power frequency, because of the great difference in voltage distribution
through heterogeneous (laminated) insulation system under DC stress compared to AC
stress. For instance, different layers of machine insulation with different permittivities
and conductivities happen to have frequency- dependent field distribution. The field
distribution has been found to be dominated by the conductivity of insulation at DC
voltage and at very low frequencies. At power frequency, however, the field distribution is
determined by the permittivity of insulation.

Figure 1. Space charges created in voids of polymeric cables during DC testing.

To choose the lowest possible frequency that would yield a field distribution 99.5%
capacitive for the most common insulating materials, the compromise between DC and
power frequency has been determined to be around 0.1 Hz. Later, a two-layer hetero-
geneous dielectric system was studied by Virsberg and Kelen in 1964 [11]. The analysis
indicated that the field distribution was still determined by the permittivity at 0.1 Hz if
none of the volume resistivities of materials in the heterogeneous system was lower than
1011 Ω·m. The VLF test method was also early used on power cable insulation in 1968 by
Haga and Yoneyama [12]. The breakdown strength of oil-impregnated paper cable was
studied at various frequencies of applied voltage.

The interest of VLF method at the beginning was mainly to ensure that the insulation
system could take this over voltage by performing overpotential testing [13–16]. Eager
et al. found that the breakdown voltage of laboratory aged XLPE cable at 0.1 Hz was
approximately similar to that at 60 Hz. Testing at 0.1 Hz appeared to be a satisfactory
alternate to DC testing method due to very little damage to the insulation [13]. However,
later research results showed that the breakdown voltage of healthy insulation at 0.1 Hz
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was about twice of that at 50 Hz [15]. The results in [16] also found that the breakdown
mechanisms at 0.1 Hz and at power frequency or adjacent frequencies were different.

According to IEEE Std 400.2TM-2004 [17], VLF testing method usually utilizes AC
signals in the frequency range from 0.01 Hz to 1 Hz and the most commonly used VLF test
frequency is 0.1 Hz. The standard accepts four different voltage waveforms, including VLF
cosine-rectangular (VLF CR) and sinusoidal waveform as the two most commonly used
ones. The description and application of VLF CR voltage can be found in Section 2.5. VLF
testing method can be used in both withstand and diagnostic tests. It has been well accepted
for the insulation system of shielded power cables and AC electric machineries [17,18].

2.2. PD Measurement

Early research about PD measurements at VLF method mainly focused on whether
the results obtained at low frequencies were similar compared with those at power fre-
quency. Surface and void discharge measurements on polyethylene samples were already
performed by Bhimani [9]. Later, Hilder tested PD characteristics on polyethylene samples
with artificial voids. The results showed that PDIV at 0.03 Hz and 50 Hz were similar and
the peak values of discharge magnitude were of the same order [19,20]. The similar results
were also obtained by Reynolds that PDIV and discharge magnitude were similar at 0.1 Hz
and 60 Hz [21]. As no suitable commercial generator was available at that time, Miller and
Black developed a new type of low-frequency low-noise generator in 1977, which was used
in their study of frequency-dependence of PD magnitude distributions [22,23]. The key
findings were that for epoxy resin samples PDIV was virtually constant over the frequency
range from 0.1 Hz to 50 Hz; however, it would increase at low frequency when there was
significant conduction across the void surfaces. PD pulses of smaller magnitude tended to
occur at low frequency under normal ambient conditions. Some laboratory experiments
on power cables and generators also indicated that PD characteristics detected at low test
frequencies were approximately identical to that under power frequency source [24–26].

However, recent studies have showed the dissimilarity in PD characteristics at dif-
ferent test frequencies. Some results have confirmed that the varied frequency, falling to
the millihertz range, can provide additional information about the insulation property.
Low-frequency PD measurements have been covered much in the work at Royal Institute
of Technology (KTH) [4,27–33]. Edin developed a measurement system for variable-
frequency Phase Resolved PD Analysis (VF-PRPDA) with the voltage frequency range of
1 mHz–400 Hz and also for the simultaneous measurement of VF-PRPDA and dielectric
spectroscopy. PD measurements were performed on point-plane gaps and artificial cavities,
but also on an insulated stator bar and a paper-insulated cable [4]. The measurement
results showed that PD activity in general was frequency dependent over the frequency
range of 1 mHz up to 400 Hz. The main PD quantities, such as PDIV, PD magnitude
and PD phase-resolved pattern, were observed to vary with test frequency. One example
showing the significant difference of PD charge at low frequencies and power frequency
can be seen in Figure 2 [29]. The results in [29] indicates that frequency-dependence of PD
behavior is related to surface and bulk conducting mechanisms, frequency-dependent field
distributions, and statistical effects of the supply of seed electrons.
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Figure 2. Total charge per voltage cycle of variable-frequency Phase Resolved PD Analysis (VF-
PRPDA) measurements on two aged stator bars (epoxy-mica insulation) from a hydro-power genera-
tor; t22, b24 refer to Micapact insulation, where t means the half-coil from the top of the slot and b
denotes it from the bottom of the slot. Reproduced from [29].

Later, Forssén continued the work and focused on the PD activity in disc-shaped
cavities in polycarbonate at variable frequency range of 0.01–100 Hz [30–32]. The results
showed that frequency-dependence of PD characteristics can change with the applied
voltage amplitude, cavity location (insulated or electrode bounded), and cavity diameter.
It was observed in [30] that at an applied voltage of 8 kV, the maximum PD magnitude at
0.01 Hz and 100 Hz is about 400 pC and 900 pC, respectively. For the case of an applied
voltage of 10 kV, PD magnitude is about the same at both frequencies, but the number of
PD events per voltage cycle at 0.01 Hz is lower than that at 100 Hz. This can be explained
by the enhanced emission of electrons from the cavity surface with the increasing electric
field. Thus the statistical time lag becomes shorter and its influence on the PD activity
diminishes. Due to the disappearance of statistical effect, the surface charge decay in the
cavity may lead to the dominating influence on the frequency-dependence of PD behavior.
Considering the electrode bonded cavity [30], it can be seen that PD activity is almost
extinguished due to the enhanced surface charge decay at low frequency. PD activity
varies more with the changing of frequency in an electrode bounded cavity than that in an
insulated cavity.

Considering the stator insulation of rotating machines, Taylor proposed the methods of
measuring dielectric response and PD activity simultaneously at varied low frequency [33].
It was indicated that PD frequency-dependence had some promise for distinguishing PD
sources: it seemed for example likely that delamination might be more readily distin-
guished from voids with varied frequency and this would be an important distinction
to make.

There also exist a great number of works concerning frequency-dependence of PD
behavior from many researchers worldwide. Surface discharge characteristics at low fre-
quencies of 0.02 Hz, 0.1 Hz and power frequency test voltages have been compared in [34].
Zhou et al. investigated the influence of test frequency on corona discharge in the air [35].
The effect of temperature on corona discharge and aging on cavity discharge was studied
at very low frequency of 0.1 Hz by Nguyen et al. [36–38]. Moreover, electrical tree growth
associated with PD characteristics has been investigated at VLF voltage excitation [39].
Considering the industrial application aspect, the comparison of PD characteristics of
power cable termination at test voltages with very low frequency (0.1 Hz) and at power fre-
quency can be found in [40]. Nair et al. suggested that slot discharges in rotating machine
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insulation system could be identified by using low-frequency PD measurements based
on the study of slot discharge pattern [41]. The online PD measurements and the offline
VLF PD measurements on a 50-year-old hydrogenator stator in Norway were compared
in [42], founding that both offline VLF and online PD detection could identify abnormal
PD activity in a specific phase; although, the PD patterns were not similar for these two
detection methods. Based on the existing research, the obtained frequency-dependence of
PD characteristics can be found in Section 2.4.

Although VLF test voltages are far from stresses in service, PD measurements at
variable low frequency have also attempted to apply on generator stator bars [29,43],
oil-paper insulation of medium voltage cables [43], and 10 kV extruded cables [44] in
on-site testing situation. Later, Hauschild indicated that VLF voltages were well introduced
not only for diagnostic tests but also for the quality acceptance tests on medium voltage
cables (mainly due to low power demand and being compact). However, they were not
recommended for the quality acceptance tests of extruded HV and EHV AC cables [45].

In addition to VLF PD measurement, VLF diagnostic test method also includes VLF
dissipation factor (DF) measurement, VLF dielectric spectroscopy, VLF leakage current
and so on [17]. For instance, it was proved in [46,47] that the DF measurements using VLF
sinusoidal waveform in aged cable system are sensitive to water tree degradation and
insulation aging. David et al. investigated the aging of epoxy-mica insulated generator bars
by low-frequency dielectric spectroscopy technique [48]. Loss currents in medium-voltage
cable were measured at high voltages and frequencies from 0.1 mHz to 1 kHz by using a
programmable high-voltage VLF generator given in [49]. In reality, field testing techniques
frequently employ a combination of diagnostic and withstand test methods. Test standards,
e.g., IEEE Std 400.2TM-2004 [17] recommend the test methods to be selected based on their
ease of operation, operator training requirements, cost/benefit ratio, and the condition of
insulation system.

2.3. PD Measurement

In order to describe the physical mechanism behind frequency-dependence of PD be-
havior, PD physical models in dielectric-bounded cavities have been described to compare
with the experimental results at variable frequencies; some of the results even cover the
frequencies above 50 Hz [5,6,31]. Parameters from the models can be identified to affect
PD activity; for instance, conductivity of material, statistical time lag, and PD inception
field [31]. Physical PD models mainly include equivalent circuit model, dipole model,
Niemeyer’s Model, and Finite Element Analysis (FEA) model. More details of each model
are described as follows.

2.3.1. Capacitive Equivalent Circuit Model

In this model, discharge is represented by an instantaneous change with the changing
of a capacitance in the test object. The classical capacitive PD model is illustrated with
three capacitances, which represent the capacitance of bulk dielectric of test object between
electrodes, the capacitance of healthy dielectric between cavity and electrodes, and the
cavity. This model is also referred as “abc” model. More basis of equivalent circuit model
has been interpreted in [50–52]. Gäfvert et al. studied PD frequency-dependence behavior
based on a three-capacitance circuit model representing an isolated cavity within a dielectric
material and the model could be used for the frequency even lower to 0.01 Hz [53]. The
similar models have been used to study the stochastic process of PD behavior [54,55].
However, it seems that the basic abc model of insulation system with a single PD source
is only appropriate for the frequencies greater than 10 Hz [43]. Actually, PD statistical
behavior based on this three-capacitor circuit is very complex, even though the circuit
is simple and deterministic. This model is therefore not realistic to describe the cavity
property during the PD process.

The lumped capacitance model is the main equivalent circuit describing PD behavior,
as described in [56–59]. Internal PDs in solid dielectric at variable applied frequencies were
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studied by a developed lumped circuit model given in [59], but the applied frequency was
at 50 Hz or over. PD behavior at low frequency range has not been reported yet based on
the lumped capacitance model.

2.3.2. Dipole Model

In the capacitive equivalent model, the apparent charge concept cannot reflect the real
charge activity within the cavity. The electromagnetic transients detected at electrodes are
not caused by discharging process of an imaginary cavity capacitance. Therefore, Pedersen
et al. proposed the dipole model to study PD transient process [60,61]. Later, Lemke
further confirmed that dipole model was a better approach to reflect the physics process
of PD within a gaseous cavity [52]. In this model, the charge induced on the electrodes of
test object is the result of a dipole moment established at the PD site. Figure 3 illustrates
the dipole model for a case when the electrodes are disconnected from the HV supply
during the transition time. The current ic(t) due to the moving charge carriers must be
equal to the displacement current ib(t) through the solid dielectric between cavity and
electrodes. This current is also equal to the current ia(t) through test-object capacitance Ca.
As a consequence, Ca is partially discharged, leading to a voltage step ∆Va. More detailed
interpretation of dipole model can be found in [51].

Figure 3. Dipole model to describe PD transient process.

PDIV changing with PD charge and cavity diameter has been calculated for an XLPE
medium voltage cable by using dipole model, as described in [51]. The curves are satisfied
compared with practical experience although the quantitative values are only approxima-
tions. However, PD behavior at low frequency range based on dipole model has not been
studied yet.

2.3.3. Niemeyer’s Model

A physical PD model that simulated streamer discharge phenomenon appearing
in a dielectric-bounded spheroidal cavity was previously developed by Niemeyer in
1995 [62,63]. The model included, in detail, a mathematical model of initial electron
generation, a model of streamer process, and it gave the analytical tools for the estimation
of major PD quantities.

Based on the attempts to improve the work of Niemeyer, Bodega et al. proposed
a numerical model to simulate the PD process in the frequency range from 0.1 Hz to
1000 Hz [6,64]. PD behavior was theoretically analyzed at different applied frequencies
and the theoretical approach was compared with the experimental results. Both detected
PD magnitude and PD pattern demonstrated that PD process at very low frequency can
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be very close or quite different than that at 50 Hz. The main reason for this particular
behavior was that the decay time of deposited charges could change over several orders of
magnitude depending on the condition of cavity surface. The interpretation was proposed
based on the assumption that the time interval between two consecutive PD events was of
the same order of magnitude as the period of AC stress; therefore, the following situations
can be analyzed based on the charge decay time τcd compared with the duration of test
voltage period 1/f. In the case of τcd � 1/ f , the charges cannot decay between two
consecutive PD events and strongly contribute to the cavity field, leading to the phase
shifting of PD pattern and presence of PD pulses during the voltage zero crossing. In the
case of τcd � 1/ f , the deposited charges will not give a significant contribution to PD
process and PD activity will be ignited in the absence of surface charge inside the cavity.
An intermediate case that PD process occurs at τcd ≈ 1/ f , the charges deposited by PD
events could contribute to the inception of next PD event. The Poissonian field contribution
depends on the portion of charges deposited by the previous PD events and present in
the cavity during the successive PDs. The decay time of deposited charges is strongly
dependent on the conductivity of cavity surface based on the expression presented in [62].

τcd =
ε0 · Dm

4 · σs
(2)

where Dm is the diameter of the cavity, ε0 represents the permittivity of vacuum. It was
also indicated that the charge decay time could be in the range of 10−3–103 s for cavities
with a diameter of a few millimeters [62].

The similar model described by Cavallini and Montanari gave an insight to trapping
and detrapping phenomena occurring on the cavity surface between PD consecutive
events, and the model could be adapted for the frequency range from 0.1 to 300 Hz [5].
The behavior of PD quantities, such as PD pattern, maximum PD amplitude, PD height
and phase distributions, varying with the function of test frequency was evaluated based
on physical models and compared with the experimental results. It was assumed in [62]
that detrapping from a negatively charged surface was innately much more difficult
than detrapping from a positively charged surface, which results in the reduction of the
availability of starting electrons. In [5], this effect was modeled by a reduction of the
detrapping rate using a suitable constant.

2.3.4. Finite Element Analysis (FEA) Model

The field-based PD models have been established based on the Finite Element Analy-
sis (FEA) method. The advantage of this model is that discharge events can be simulated
dynamically while the electric field inside the cavity can be calculated numerically. Forssén
proposed a charge consistent model to simulate the sequence of PD pulses in a cylindri-
cal cavity inside the insulation material at variable applied frequency from 0.01 Hz to
100 Hz [31,32,65,66]. The spherical shape electrodes were used in the model geometry
to concentrate the discharge to cavity center. The discharge was modeled dynamically
by means of increasing the conductivity of a cylinder centered inside the cavity. The
conductivity of cavity surface was dependent on the amount of charges present on the
cavity surface. It is correlated to the decay behavior of surface charge in the model. The
simulation results showed that surface conductivity and surface emission of electrons of
the cavity surface were changing with the varied test frequency. The simulation results
of phase-resolved PD patterns in [31] were in general agreement with the experimental
data but with a slightly difference. Moreover, based on Forssén’s model, some improved
models have also been developed to study frequency-dependence of PD behavior [67–69].

The models mentioned above were developed in a cylindrical cavity to simplify the
computer simulation due to its symmetrical property. In reality, however, the most common
types of cavity existing in the insulation material are either spherical or ellipsoidal; thus, the
physical models representing PD behavior of a spherical cavity within the homogeneous
dielectric material have been developed by Illias et al., and a lot of simulation works have
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been done to study the influence of frequency and amplitude of test voltage, cavity size
and location, material temperature, and surface charge distribution on the sequence of PD
events [70,71]. The model proposed in [70] studied the effect of different amplitudes and
frequencies of test voltage on PD process, with the frequency range of 1 Hz up to 50 Hz.
Comparisons between PD measurement and simulation results of ϕ-q-n plot also reveal a
good agreement. In this model, the effect of charge decay because of surface conduction was
modelled by means of a field-dependent surface conductivity inside cavity. The simulations
indicated that certain parameters obtained from FEM model were greatly dependent on
the applied voltage. Those parameters that are clearly affected by frequency-dependence
of PD behavior can be readily identified, including electron detrapping time constant,
surface conductivity of the cavity, initial electron generation rate, inception voltage, and
extinction voltage.

2.4. Frequency-Dependence of PD Characteristics

Although significant numbers of researches concerning PD behavior and mechanism
at VLF voltage have been done both in experiments and simulations, there exist some con-
sistencies or inconsistencies in frequency-dependent PD characteristics between different
studies. Some conventional parameters to describe PD signal are described as follows:

(a) PDIV. Most of the results show that PDIV increases with the decrease of test frequency,
for instance, corona discharge in air studied by Zhou et al. [35], PD activity in disc-
shaped cavities in polycarbonate insulation given in [32] and PD in XLPE cables with
and without artificial internal defects in [72]. This slight increase can be explained by
the influence of statistical time lag, as discussed in [32]. Moreover, Forssén et al. [30]
have shown that PDIV depends mainly on the supply voltage magnitude and void
size. However, a few works show that PDIV might be lower at VLF than that at power
frequency, supported by the PD measurements in cavities in XLPE cable [34,73] and
cable terminations [40]. It was reported in [74] that PDIV may also had a non-monotone
behavior with the changing of test frequency. The effect of ambient conditions on PDIV
was studied in [36] and the results showed that there was no change of PDIV at different
temperatures at both 0.1 Hz and 50 Hz voltage excitations.

(b) PD magnitude. One general consensus from most works is that minimum PD mag-
nitude remains roughly constant and is independent of the influence of variable fre-
quency [6,30,31]. However, maximum PD magnitude either decreases [30,31,40,69,70]
or increases [5,74] with the decrease of frequency. Bodega et al. reported that PD
magnitude at VLF was either smaller or similar compared with that at 50 Hz. There
was a threshold frequency beyond which the discharge magnitude decreased with the
increase of frequency [6,64]. Forssén and Edin concluded that average PD magnitude
decreased with the decrease of frequency but only for the voltage magnitude slightly
above the PDIV. For the higher voltages, PD magnitude was independent of test fre-
quency. The dependency of PD magnitude on test frequency was greatly influenced
by cavity size [30]. Zhou et al. found that with the decrease of test frequency, the
maximum PD magnitude of corona discharge decreased in the positive cycle, but it
slightly decreased and then increased in the negative cycle. The increase trend was
more obvious for the higher voltages. The average PD magnitude almost followed
the same trend with the varying of frequency [35].

(c) Phase-resolved PD pattern. This parameter has significant disagreements depending
on the effect of variable frequency. PD Patterns might show essentially invariant
compared with the test voltage of VLF and power frequency [6,40,64]. However,
Forssén and Edin concluded that PD pattern would significantly change with the
test frequency without specifying the variation trend [6,30]. Zhou et al. found
that PD patterns distributed wider in positive corona discharge with the decrease of
frequency [35]. PD tests involving surface discharges on polyethylene specimens were
studied in [74]. It was shown that only frequencies larger than 300 Hz could cause
significant change in PD pattern. In the case of PD activity occurred in embedded
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cavities; however, it was observed that the PD pattern was more sensitive to the
frequency of the power supply. Statistical operators such as kurtosis and skew of
mean pulse height and pulse count of PD patterns decreased with the increase of
frequency, as studied in [34].

(d) PD charge. It was obtained in [70] that total charge magnitude per cycle decreased
with the decrease of frequency, but mean charge magnitude increased. Forssén
obtained the same variation trend for the total PD charge per cycle [32]. However,
Hans reported that total charge per cycle was independent of frequency, but mean
charge increased with the increase of frequency [4].

There are also other conventional PD parameters, such as PD repetition rate, PD
extinction voltage, and pulse shape, showing agreement or inconsistencies on frequency-
dependent PD behavior. Therefore, intensive works need to be performed to understand
the behavior of PD over a range of different test voltage frequencies for the same defect
type and material. It is better to establish a common rule, but generally long time would
be required to achieve an accurate description of PD phenomena. Moreover, it should be
noted that the choice of power supply with VLF method is generally decided by economic
consideration, rather than by physical analysis. The existing researches focus more on the
physical mechanism of frequency-dependence of PD characteristics other than on industrial
application, and the reliable diagnostic method of PD activity under low-frequency voltage
excitation is still lacking. Thus it should make more practical application of VLF method
on PD measurement in the future.

2.5. VLF Cosine Rectangular Voltage

The above review for VLF method refers to sinusoidal voltage excitations. In reality
VLF method used for withstand test accompanied with PD diagnosis also includes VLF
cosine-rectangular (VLF CR) voltage waveform. It is the first available VLF technology and
still is the most common two standard VLF methods. Figure 4 illustrates the VLF CR voltage
waveform at 0.1 Hz [75]. The polarity reversal of VLF CR voltage is cosine shaped with a
frequency close to 50 Hz, thus the field stress is comparable to the operating frequency.

Figure 4. VLF cosine-rectangular voltage waveform.

Early research was performed in [76], which studied the PD activity by varying two
parameters in VLF CR voltage waveform: the fundamental frequency and time function
of the change of voltage polarity. Recently, several PD measurements by using VLF CR
technique have been reported in [75,77–81]. It was observed in [77] that most of the PD
events occurred at the transition zone at the period of voltage polarity changing. This
could be useful in the detection of hidden defects existed in power cable. Thus this voltage
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waveform can be recommended to be used in the start of cable diagnostic process. PD
diagnostics at different voltage waveforms and frequencies in [75] showed that in several
field case studies PD diagnosis measured at VLF CR voltage was comparable to that
at damped AC voltage for MV cable systems. The study in [79] further confirmed that
although VLF-CR waveform resulted in higher PDIV and lower discharge magnitude,
there was no obvious difference on the capability of detecting defects in the insulation
systems between DAC and VLF CR voltages.

3. DAC Method
3.1. Background

Sinusoidal DAC voltage testing, also known as oscillating voltage wave (OVW) testing,
was introduced in the late 1980s as an alternate to DC testing voltage [82–86]. Originally,
DAC voltage could be in the form of oscillating switching impulse (OSI), with a higher
test frequency of 1 kHz–10 kHz, and it was introduced as a withstand voltage test for
high-voltage XLPE-insulated cables for commissioning purpose [85,86]. This form is
different from DAC voltage, which is used for non-destructive PD diagnosis and has the
oscillating frequency typically ranging from 20 Hz to 500 Hz [87]. The voltage waveform
and frequency of DAC method is in accordance with the recommendations of IEC 60270 [88].
Moreover, the stress inside the insulation system caused by DAC voltage is similar to that
at power frequency AC excitation and the insulation would not be damaged due to the
short duration of DAC voltage testing.

Early research on the exploration in the equivalence of DAC voltage waveform and
the development of damped oscillating wave generator was given in [89]. The breakdown
properties of samples modelling various defects in XLPE cable were studied with different
voltage excitations. The results indicated that the detection of defects in insulation system
by using OSW or VLF voltage required a lower voltage than that with DC. By combining
these two voltage waveforms, detection capability would be further enhanced.

At present, there exist two commercially available systems which can generate DAC
voltage. One system called Complex Discharge Analysis (CDA) was described in [90,91].
PD characteristics, polarization factor, and capacity of insulation can be determined under
such voltage stress [91]. Based on this measuring system, Brettschneider et al. performed
PD detection on two different types of cables: paper-insulated lead cables (PILC) and XLPE
cables [92]. The results provided several examples of threshold values for PD assessment
based on practical field experiences. The use of DAC voltage revealed high sensitivity for
PD detention and recognition of electrical treeing.

Later, the system referred as Oscillating Waveform Test System (OWTS) was mainly
established by E. Gulski, J. J. Smit, et al. at Delft University of Technology (TU delft) [93–95].
It has been widely used and most of detection results are obtained based on this system.
To generate a DAC voltage waveform, as shown in Figure 5, the cable is charged with a
DC steady state electric field over a period of just a few seconds, which has little effect
on the property of insulation system. After charging-up stage, the cable is switched in
series with an external air-core inductor. Thus, an oscillating voltage wave is used as an
excitation voltage for PD detection. The schematic diagram of OWTS measuring circuit for
PD detection and location in power cable is shown in Figure 6.
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Figure 5. Schematic view of damped AC (DAC) excitation.

Figure 6. Schematic diagram of Oscillating Waveform Test System (OWTS) diagnostic tool.

The applications of DAC method are mostly based on the combination of voltage
withstand test and advanced diagnostic tests, such as PD and DF measurements, known
as monitored testing. The on-site monitored testing procedures for power cables have
been summarized in [96]. It can be obtained that the monitored DAC testing can be used
not only for diagnosis and condition assessment of service-aged cable systems, but also
for after-laying testing of newly installed cable systems, as well as maintenance testing
of repaired cables. DF value of insulation material can be estimated by using the decay
characteristics of DAC voltage waveform [97–99]. The detailed theoretical method has
been described by Houtepen et al. [99]. It has also been found that DF measurements
are especially useful for detecting insulation aging in paper-oil insulated cables, with the
indicator of DF value normally over 0.1%, while the DF value is usually below 0.1% in new
and in-service XLPE cables.

DAC method for onsite testing with PD measurements and DF estimation has been
commonly employed for condition assessment of all types of power cable systems in
several countries [92,95,100–102]. Attempts with DAC method have also been applied on
generator stator insulation based on laboratory study [103–105], as well as on high voltage
power capacitors for on-site PD diagnosis [106]. The achievements with DAC voltage
described below are mainly based on power cable systems.

3.2. DAC Test Parameters and Procedures

According to IEEE Std 400.4™-2015 [87], five test parameters of waveform should
be considered for DAC voltage testing, they are (a) maximum DAC test voltage level VT
[kVpeak]; (b) number of DAC excitations to be applied at selected DAC voltage levels
during the test; (c) DAC frequency; (d) DAC damping percentage; and (e) DAC charging
time in seconds. For all types of tests with DAC voltage, the maximum applied voltage
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and the number of DAC excitations should be selected to make in accordance with the
purpose of test.

DAC voltage may consist of two phases. Firstly, in the DAC voltage step phase,
voltage is increased to a selected maximum test voltage in selected steps, with a selected
number of DAC excitations. Secondly, at the DAC voltage hold phase, a selected maximum
DAC test voltage level is applied to the test object with a number of DAC excitations. In
DAC monitored testing, PD detection can be performed during voltage step and hold
phases. The duration of charging time greatly depends on the cable capacitance; that is the
length of cable. It may vary much for different length of cable. Hauschild indicated that
the charging time played a minor role in PD measurements with DAC voltage excitation,
but it became more important in withstand test [45].

The voltage start oscillating with the resonant frequency f of the circuit as [95]

f =
1

2π
√

LC
(3)

where L is the fixed inductance of air core and C is the capacitance of test sample.

3.3. PD Measurements

PD measurements on particular power cables with DAC voltage excitation have been
performed much at TU delft based on both laboratory and on-site tests [93–100,107–110].
In general, one or more PD detection units can be connected to at least one of the cable
terminations or cable joints. A proper triggering or synchronization between DAC voltage
source and PD detection unit is needed, since DAC testing is not continuous but based on
voltage excitations as applied to the power cable [87].

PD evaluation method has been well described in [95], mainly including: (a) PD
signals from several DAC voltage waveforms can be used to localize PD sites in the power
cable; (b) the values of capacitance C and tanδ can be calculated based on the characteristics
of wave time and frequency of DAC voltage; and (c) the obtained PRPD pattern can be
used for recognition purpose for insulation system. Later, Wester et al. further investigated
the effect of testing frequency of DAC voltage for dielectric-bounded cavities and inception
delay time of PD activity was discussed in details [108]. It was found that in the case of a
lower applied voltage, the number of DAC excitation should be increased to obtain a stable
PD inception due to a rather long delay time at lower applied voltage. It was determined
by the decay factor rather than the testing frequency of DAC voltage. Considering AC and
DAC voltages, the influence of the effect of voltage waveform and test frequency could be
negligible in practice.

In order to confirm the harmlessness of DAC application on the insulation system from
the viewpoint of PD characteristics, Takahashi et al. investigated the impact of repetitive
application of DAC on the insulation performance of water tree aged XLPE cable [111,112].
The maximum PD charge was used to indicate the extent of damage of insulation system
by applying PD inception tests and repetitive application tests. The results concluded that
at repetitive DAC application the additional degradation to the water tree degraded XLPE
cable could be very small and cable might have good self-recovering property.

Some investigations concerning DAC voltage have been done in some other works
with regard to PD characteristics, insulation diagnosis, as well as technique improvement.
A 20 kV DAC voltage generator was developed by using novel high-voltage switch and it
had been successfully applied in PD test and PD location test for a cable sample, as given
in [113]. Three-dimensional statistical map has been made to investigate PD behavior in
three artificial defects of cable joints at DAC voltage in [114]. The distinguish differences in
three-dimensional maps of three defects may be helpful for the further study of pattern
recognition. By using DAC, the successful application cases of multi-source defect diagnosis
were introduced in [115]. Three concentrated PD defects in the middle joint position of
a cable was discovered. In [116] by studying five different kinds of defect models, it
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was shown that DAC was successful in detecting serious defects in cable terminations
and joints.

3.4. PD Characteristics at DAC Voltage

DAC testing method is based on single voltage excitation, and the following PD
characteristics can be obtained from the PD activity at DAC voltage: (a) maximum PD
amplitude; (b) phase-related PD pattern; (c) PD changes as a function of the decaying
voltage; and (d) PD extinction voltage (PDEV) [87]. The principles to estimate the PDIV
and PDEV during DAC testing voltage are explained in [100]. The PDIV voltage level of
DAC excitation at which the first PD event has been observed.

Attempts to convince that DAC voltage with an oscillation of some hundreds of Hz
can give the similar PD behavior as continuous AC voltage of power frequency, as dis-
cussed for power cables in [95,100,108,116], and also for rotating machines in [104]. By
applying continuous AC and DAC voltages with the increased frequencies on samples with
oil-related defect and samples of polymeric cable, the comparisons showed no major differ-
ences for PD characteristics, such as PDIV, PD magnitude, and phase-resolved PD patterns
under two applied voltage waveforms. However, these cases are selected to demonstrate
that PD activity behaves as frequency independent. A deeper look at the details in those
results shows that they are not frequency independent either. It can be found in [93] that
both PDIV and PD level at DAC voltage were much higher compared with those at 50 Hz
energizing condition. Moreover, the frequency of DAC voltage waveform had no effect
on the PDIV, but greatly influenced the measurable PD level. More measurable PD level
could be obtained at lower frequency of DAC voltage. Morshuis et al. observed that PD
magnitude measured with DAC voltage at frequency above 200 Hz was slightly lower than
that at power frequency AC stress [117]. This is due to the sufficient availability of starting
electrons after one PD event. The similar results can also be found in [100]. With regard to
phase-resolved PD patterns, those obtained at DAC voltage excitation could provide the
recognition of PD defects in different insulation systems.

Therefore, DAC voltage has been more and more widely used for non-destructive
PD detection and location of power cables due to its convenient transportation and good
test results in recent years. However, it has mentioned in [45] that DAC method cannot
fulfil the major requirements of a test voltage for quality-acceptance tests of HV and EHV
cables mainly due to its waveform which is far from the actual in-service voltage stress.
Nevertheless, it is still considered as a voltage waveform for diagnostic tests. However, in
reality, the frequency of DAC voltage could vary due to the different length of detected
cable, leading to the changing of PD behavior caused by the defects in the cable insulation
system. So the effect of frequency of DAC voltage on the PD characteristics and the related
discharge physics need to be further investigated.

4. Comparisons of VLF and DAC Methods

Generally, VLF and DAC methods both have been widely used for PD detection in
insulation system. Since DAC test normally lasts for a short time, typically 0.5 s, it is
considered less destructive than VLF test; thus, DAC testing could be used as the first
step for the defect detection of insulation system in many cases [118]. Laboratory and
field tests have shown that DAC and VLF voltage tests have different sensitivities in
detecting different kinds of defects in the extruded MV voltage cable systems, as presented
in [15,89]: DAC voltage is more sensitive in detecting defects that cause void discharge type
breakdown, while VLF is more sensitive in detecting defects that cause breakdown directly
by inception of electrical tress. These two test voltage waveforms are in a complementary
relationship with respect to defect detection capability. OSW or VLF can detect specific
types of defects and the defect detection ability can be improved by combining both
waveforms [117].

As a whole, VLF and DAC excitation voltages have some similar advantages, for
instance, testing equipment is readily transportable with regard to weight and size; PD test
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can be stopped if desired; PDIV and PDEV can be measured for both voltage excitations;
and the location of PD event can be detected. Considering individual test method, the
main advantages and disadvantages of two methods for PD measurements are summa-
rized in Table 2.

Table 2. Main advantages and disadvantages of VLF and DAC methods for PD measurements.

Voltage Source
Type Advantages Disadvantages Applied Conditions

AC VLF method
(0.01 Hz to 1.0 Hz)

1. PD frequency-dependent
behavior can be obtained at
frequency range of
0.01–1 Hz.

2. Insulation condition can be
graded by comparing with
the previously accumulated
data.

1. PD characteristics obtained at
VLF voltage may not be
comparable with those obtained
at power frequency tests.

2. PD detection time needs to be
increased as the frequency
decreases.

3. PD detection with VLF (0.1 Hz)
AC excitation may have
limitation in some practical
conditions, such as for
evaluating water tree
contaminated insulation.

1. VLF voltage tests are well
accepted for withstand tests
and diagnostic tests.

2. For cables, VLF test can be used
to test extruded, laminated, and
mixed dielectrics. The best
application is when eliminating
a few defects from good
insulation.

3. VLF method can also be applied
on the acceptance testing and
routine maintenance testing for
AC electric machines.

DAC method
(20 Hz to 500 Hz)

1. PD characteristics obtained
at DAC voltage are
generally comparable to
those at power frequency
voltage stress.

2. PD patterns can show
additional information of
PD behavior as a function of
the decaying voltages.

1. PD characteristics obtained by
DAC voltage are only
comparable to those from first
positive half cycle of 50 Hz AC
stress.

2. DAC frequency has to be below
about 500 Hz to obtain similar
PD characteristics as those at
power frequency AC voltage.

3. Characteristics of PRPD
patterns are more difficult to
interpret due to variable
frequency and damping
waveform.

1. The applications of DAC
method are mostly based on the
combination of voltage
withstand test and advanced
diagnostic tests, known as
monitored testing.

2. Monitored DAC testing can be
widely applied on the diagnosis
tests of service-aged cables,
acceptance test of newly
installed cables, maintenance
tests of repaired cables.

5. Conclusions

A full review of research on PD activity at two variable-frequency AC stress, including
very low frequency voltage and damped AC voltage, has been provided in this work. The
research history and current development status, including PD characteristics, physical
process, and practical application of each voltage excitation, have been reviewed. Then
the advantages, disadvantages, and applied conditions of two reviewed methods has
been summarized.

In general, VLF and DAC methods are normally widely used in voltage withstand
tests and advanced diagnostic tests mainly for power cable systems, as well as for rotating
machines. The already achieved results provide a clear picture about PD behavior and its
physical mechanisms, as well as practical applications at VLF and DAC voltage waveforms.
Considering the existing knowledge and information for practical engineers in the field of
PD measurements and high-voltage insulation systems, the practical application of VLF
method has been limited, compared with the physical analysis of PD activity at VLF voltage.
It can be suggested that more results from practical applications have to be collected and
used to fine tune, verify, and possibly further develop the physical models. On the other
hand, with regard to DAC voltage, physical models should attempt to be expanded and
validated for the application of DAC voltage. PD physical mechanism affected by DAC
voltage needs to be further investigated. Moreover, more defects should be studied using
DAC method to obtain all relevant PD patterns for defect identification. Knowledge rules
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for the purposes of condition assessment for insulation system should be further developed
based on the PD results obtained with DAC method.
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