
IEEE Transactions on Dielectrics and Electrical Insulation    Vol. 15, No. 6; December 2008 

1070-9878/08/$25.00 © 2008 IEEE 

1601

Partial Discharges in a Cavity at Variable Applied 
Frequency Part 1: Measurements 

 
Cecilia Forssén and Hans Edin 

KTH Electrical Engineering 
Teknikringen 33 

100 44 Stockholm, Sweden 
 

ABSTRACT 
In this paper partial discharges (PD) in disc-shaped cavities in polycarbonate are 
measured at variable frequency (0.01 – 100 Hz) of the applied voltage. The advantage 
of PD measurements at variable frequency is that more information about the 
insulation system may be extracted than from traditional PD measurements at a single 
frequency (usually 50/60 Hz). The PD activity in the cavity is seen to depend on the 
applied frequency. Moreover, the PD frequency dependence changes with the applied 
voltage amplitude, the cavity diameter, and the cavity location (insulated or electrode 
bounded). It is suggested that the PD frequency dependence is governed by the 
statistical time lag of PD and the surface charge decay in the cavity. This is the first of 
two papers addressing the frequency dependence of PD in a cavity. In the second paper 
a physical model of PD in a cavity at variable applied frequency is presented.  

   Index Terms  — Partial discharges, measurements, variable frequency, cavities, disc-
shaped, electrode bounded, polycarbonate.  

 
1   INTRODUCTION 

PARTIAL discharges (PD) are commonly recognized as a 
sign of defects and degradation in insulation systems. 
Traditionally PD is measured at applied voltage with frequency 
of 50 or 60 Hz. There are, however, advantages of measuring PD 
also at other applied frequencies. With the Variable Frequency 
Phase Resolved Partial Discharge Analysis (VF-PRPDA) 
technique [1, 2] PD is measured at variable frequency of the 
applied voltage. The benefit of this method is that local 
conditions at defects in the insulation change with the varying 
frequency. Such local conditions are the electric field distribution 
and the influence of certain characteristic times on the PD 
activity. As a result of the changing local conditions, the PD 
activity also changes with the varying frequency. This PD 
frequency dependence can be utilized to extract more 
information about the condition of an insulation system than is 
possible from traditional PD measurements at a single frequency.  

An additional advantage of the VF-PRPDA technique is the 
possibility to measure PD at low frequency, thereby reducing the 
power need of the voltage supply. This is especially important for 
highly capacitive test objects like power cables and generators. 
The benefit of reduced power need at low frequency is also 
utilized with the very-low frequency (VLF) method, where PD is 
measured at 0.1 Hz, and the damped ac (DAC) method, where 
the test object is stressed by a damped AC voltage with a 
frequency somewhere in the range 20 – 1000 Hz. For 

interpretation of VF-PRPDA measurements it is crucial to know 
how the varying applied frequency influences the PD activity. 
Such knowledge is also useful for comparisons of results from 
the VLF or DAC methods and PD measurements at the power 
frequency. 

A number of earlier experimental works have shown that the 
frequency of the applied voltage influences the PD activity in 
cavities [3-8]. It is reported that the distribution in PD phase and 
magnitude and the number of PDs per voltage cycle can change 
with the frequency. However there are also experimental studies 
showing similar results for PD measurements with the DAC 
technique and at the power frequency [9]. The PD frequency 
dependence can be described by use of certain characteristic 
times [4, 6, 7, 10, 11]. These characteristic times are related to 
the statistical nature of PD and to charge transport on the cavity 
surface and in the solid insulation surrounding the cavity. 
Simulations have shown that the mutual relation between these 
characteristic times and their relation to the period time of the 
applied voltage influence the PD frequency dependence [10-12].  
  This paper describes how the applied voltage amplitude, 
cavity size and cavity location (insulated or electrode bounded) 
influence the frequency dependence of the PD process in a test 
object containing a cavity. Partial discharges in disc-shaped 
cavities in polycarbonate are measured at variable frequency 
(0.01 – 100 Hz) of the applied voltage by use of the VF-PRPDA 
technique. The observed PD frequency dependence is 
discussed in relation to the statistical time lag of PD and the 
decay of surface charge in the cavity. This is the first paper of 
two addressing the frequency dependence of PD in a cavity. In Manuscript received on 22 May 2008, in final form 16 September 2008. 

Authorized licensed use limited to: IEEE Xplore. Downloaded on January 7, 2009 at 08:35 from IEEE Xplore.  Restrictions apply.







C. Forssén and H. Edin: Partial Discharges in a Cavity at Variable Applied Frequency Part 1: Measurements 1604 

Polycarbonate Cavity

Epoxy resin High voltage

Brass electrode

1.5 - 10

1

1
1

 
Figure 1. Schematic picture of test object with disc-shaped insulated cavity 
(rotational symmetry). Measures are given in millimeter. The electrodes are 
cast in epoxy resin to prevent discharges at the electrode edges.  

 

4  RESULTS AND DISCUSSION 

4.1 APPLIED VOLTAGE AMPLITUDE 
This section describes how the applied voltage amplitude 

influences the PD frequency dependence. The PD activity in 
an insulated cavity with diameter 4 mm is measured at applied 
voltage amplitude 8, 9 and 10 kV, respectively, and at variable 
applied frequency. There were no PDs in the cavity at voltage 
amplitude below 8 kV. According to the empirical Paschen 
curve for air [23], the breakdown voltage for an air-gap of 1 
mm between plane metal electrodes at atmospheric conditions 
is 4.6 kV. With the assumption that this breakdown voltage 
holds also for an air-gap between dielectric surfaces, the PD 
inception voltage of the test object was estimated to 7.9 kV. 
The PD inception voltage of the test object is assumed to be 
the lowest applied voltage that causes a voltage drop of 4.6 
kV over the cavity centre and was estimated by calculating the 
electric field distribution in the test object. In this estimation 
the effect of surface charge in the cavity is neglected. Surface 
charge can be present in the cavity since the test object is 
conditioned prior to the measurements.  

Figure 2 shows the measured PD patterns at amplitude 8 kV 
as the frequency is decreased from 100 Hz to 0.01 Hz. The PD 
activity in the cavity clearly changes with the frequency. As 
the frequency is decreased, the maximum PD magnitude (that 
is the maximum apparent charge without sign) reduces from 
about 900 pC at 100 Hz to about 400 pC at 0.01 Hz. In 
contrast the minimum PD magnitude is approximately 
constant. Hence, there is a wider spread in PD magnitude at 
higher frequency than at lower frequency. The number of PDs 
per cycle of the applied voltage is between 2 and 3 and does 
not change significantly with the frequency. As expected for 
an insulated cavity, the PD activity is symmetric with respect 
to the polarity of the applied voltage. 

The change in maximum PD magnitude with frequency is 
assumed to be a statistical effect that is intensified with 
increasing applied frequency, as discussed in Section 2.1 and 
2.4. In the measurement all PDs at low frequency appear at 
approximately the same applied voltage and have about the 
same magnitude. This indicates that the change in applied 
voltage during the time lag is negligible.  At high frequency, 
however, there is a wide spread in PD magnitude. This 
indicates that the change in the applied voltage during the time 
lag is significant. The average phase positions of positive PDs  

 
Figure 2. Measurement at 8 kV and frequency decreased from 100 Hz (f) to 
0.01 Hz (a). Insulated cavity with diameter 4 mm. The broken lines mark the 
discrimination level.  

 

at 0.01 Hz and 100 Hz are 44 deg and 59 deg, respectively. 
For negative PDs the corresponding values are 211 deg and 
221 deg, respectively. Hence on average the PDs appear later 
in phase at 100 Hz than at 0.01 Hz. This supports the 
hypothesis that the statistical time lag significantly influences 
the PD activity at high frequency. The statistical time lag can 
be estimated with the assumptions that the time lag at 0.01 Hz 
is negligible, and that the electric field in the cavity is 
completely determined from the applied voltage. Then the 
difference in average phase of PDs at 0.01 Hz and 100 Hz 
corresponds to an average time lag of 0.3 – 0.4 ms at 100 Hz. 
This is however a rough estimation since surface charge is 
present in the cavity and influences the electric field.  
   Figure 2 shows only the first part of the measurement at 8 
kV, namely the part with decreasing applied frequency. As the 
frequency is increased again from 0.01 Hz to 100 Hz, the 
maximum PD magnitude at 0.1 and 1 Hz (see Figure 3) is 
higher than it was earlier at decreasing frequency. This is a 
memory effect from earlier applied frequencies that is not 
totally eliminated by the pre-excitation. Probably it is the long 
measurement at 0.01 Hz with long times (about 1 min) 
between consecutive PDs that causes a significant change in 
the properties of the cavity surface. Especially, the statistical 
time lag can increase due to decay of surface charge in the 
cavity [14]. As the applied frequency is increased again, it 
takes some time for the cavity surface to recover, which could 
explain the higher maximum PD magnitude for increasing 
frequency at 0.1 and 1 Hz. At frequencies above 1 Hz, on the 
other hand, there is no significant difference between results 
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Figure 3. Measurement at 8 kV and frequency increased from 0.01 to 100 
Hz. Only results for 0.1 (a) and 1 (b) Hz are shown. Insulated cavity with 
diameter 4 mm. Compare with measurement at decreasing frequency (Figure 2 
b and c). 
 

obtained at decreasing and increasing frequency. This 
indicates that the specimen has not changed significantly 
during the total measurement sequence.  

Figure 4 shows the measured PD patterns at applied voltage 
amplitude 10 kV and frequency decreased from 100 Hz to 
0.01 Hz. At 0.01 Hz the PD pattern at 10 kV (Figure 4a) is 
similar to that obtained at 8 kV (Figure 2a). At higher 
frequencies however the number of PDs per cycle is higher 
and the maximum PD magnitude is lower at 10 kV than at 8 
kV. Figure 5 shows a comparison of the number of PDs per 
cycle and the average PD magnitude for different applied 
voltage amplitudes. It is clear that the frequency dependence 
of the PD activity changes with the applied voltage. At 8 kV 
the number of PDs per cycle is constant whereas the average 
PD magnitude increases with increasing frequency. In 
contrast, at 9 and 10 kV the number of PDs per cycle 
increases with increasing frequency whereas the average PD 
magnitude is almost constant.  

Figure 6 shows a comparison of the PD magnitude 
distributions for different applied voltage amplitudes. At 0.01 
Hz the PD magnitude distributions are similar for all voltages, 
whereas at higher frequencies they differ. The PD magnitude 
distribution for 8 kV is approximately normally distributed 
with an average that increases with increasing frequency. For 
9 and 10 kV the distribution of PD magnitudes has one peak 
at around 200 pC at all frequencies. In addition, at frequencies 
above 1 Hz there is also a smaller peak around 300 pC. Hence 
there is a change with frequency in the PD magnitude 
distribution at 9 and 10 kV that is not evident from the 
average PD magnitude as shown in Figure 5b. 

As shown in Figure 6, the PDs at 9 and 10 kV are 
concentrated to one rather well defined magnitude (or two for 
frequencies above 1 Hz). The concentration in PD magnitude 
indicates that the statistical time lag does not influence the PD 
activity significantly at 9 and 10 kV. Hence the statistical time 
lag must be shorter at 9 and 10 kV than it is at 8 kV. This is 
expected since the statistical time lag decreases with 
increasing electric field, as discussed in Section 2.1. At 10 kV 
and 100 Hz the PDs are concentrated to the magnitudes 170 
pC and 310 pC, with most PDs occurring at the lower 
magnitude. The ratio between these two preferred magnitudes 
is about 2 and the same ratio holds at frequency 10 and 50 Hz. 
This points to that the higher preferred magnitude corresponds 
to a simultaneous detection of two PDs of equal magnitude. By  

 
Figure 4. Measurement at 10 kV and frequency decreased from 100 Hz (f) to 
0.01 Hz (a). Insulated cavity with diameter 4 mm. 
 
 

 
 
Figure 5. Total number of PDs per voltage cycle (a) and average PD 
magnitude (b) for measurements at 8, 9 and 10 kV on an insulated cavity with 
diameter 4 mm, decreasing frequency. 
 
studying the voltage over the detection impedance with a 
digital oscilloscope, a tendency of PDs occurring close 
together in time was observed, thus making simultaneous PDs 
probable. Hence all PDs are actually concentrated to one 
magnitude (the lower preferred magnitude) but at frequencies 
above 1 Hz two PDs may occur simultaneously at different 
places in the cavity. These two PDs are then incorrectly 
interpreted as one and their magnitudes are added. 
Consequently the number of PDs per cycle at frequencies 
above 1 Hz is actually somewhat higher than Figure 5a shows. 
This phenomenon with simultaneous PDs occurs only for 
frequencies above 0.1 Hz where there is more than one PD per 
voltage half cycle.  

The decrease in number of PDs per cycle with decreasing 
frequency at 9 and 10 kV can be explained by decay of 
surface charge in the cavity, as discussed in Section 2.2 and 
2.4. At high frequency less surface charge decays than at low  
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Figure 6. Total number of PDs per voltage cycle as function of PD 
magnitude for measurements at 8, 9 and 10 kV on an insulated cavity with 
diameter 4 mm, decreasing frequency. 

 
frequency, resulting in more PDs at high frequency. The decay 
of surface charge certainly also influences the phase position of 
the PDs. However, it is hard to analyze the difference in PD 
phase positions between different applied frequencies since PDs 
occur at more than one place in the cavity and the number of 
PDs per voltage cycle changes with the frequency. In addition, 
from the measurement presented in Figure 4, no pronounced 
difference in the PD phase distribution was observed between 
different applied frequencies.  

Like the results obtained at 8 kV, the only difference 
between decreasing and increasing frequency at 10 kV 
appears for 0.1 and 1 Hz. At these frequencies the number of 
PDs per cycle is higher for the measurement at increasing 
frequency, whereas the PD magnitude is unchanged (see 
Figure 7). The higher number of PDs per cycle can be 
explained by a slower decay of surface charge. During the 
long measurement at 0.01 Hz with long times between 
consecutive PDs, surface charge decay may cause a reduction 
in the conductivity of the cavity walls, and accordingly slower 
decay of surface charge. As the applied frequency is increased 
again, it takes some time for the cavity surface conductivity to 
retain its earlier value, which could explain the higher number 
of PDs per cycle at 0.1 and 1 Hz for increasing frequency. 

4.2 CAVITY SIZE 
This section describes how the cavity diameter influences 

the PD frequency dependence of the test object. The PD 
activity for insulated cavities with diameter 1.5, 4 and 10 mm, 
respectively, is measured at applied voltage amplitude 10 kV  

 
 
Figure 7. Measurement at 10 kV and frequency increased from 0.01 to 100 
Hz. Only results for 0.1 (a) and 1 (b) Hz are shown. Insulated cavity with 
diameter 4 mm. Compare with measurement at decreasing frequency (Figure 4 
b and c).  
 
and variable frequency. The lowest applied voltage amplitude 
where PDs were observed for cavities with diameter 1.5, 4 and 
10 mm was 10, 8 and 7 kV, respectively. The difference in PD 
inception voltage for test objects containing cavities of 
different diameter is due to differences in electric field 
enhancement. The field enhancement is lower in a cavity with 
diameter 1.5 mm than in a cavity with diameter 10 mm. 
Therefore the PD inception voltage is higher for a test object 
with a 1.5 mm diameter cavity than for a test object with a 10 
mm diameter cavity. From the Paschen curve for air the PD 
inception voltage for test objects with cavity diameter 1.5 and 
10 mm was estimated to 9.3 and 7.7 kV, respectively. In this 
estimation the effect of surface charge in the cavity is 
neglected.  

Figure 8 shows the measured PD patterns for cavity 
diameter 1.5 mm with applied frequency decreased from 100 
Hz to 0.01 Hz. The PD activity in the cavity is almost 
unchanged as the frequency varies. The PD magnitude is 
about 200 pC and the number of PDs per cycle is about 2 at all 
frequencies.   
Figure 9 shows the measured PD patterns for cavity diameter 
10 mm with applied frequency decreased from 100 Hz to 0.01 
Hz. The number of PDs per cycle is almost constant as the 
frequency varies and there is a wide spread in PD magnitude 
at all frequencies. Figure 10 shows a comparison of the PD 
magnitude distribution at frequency 0.01 and 100 Hz for test 
objects with different cavity diameters. In this comparison, it 
is important to keep in mind that test objects with different 
cavity diameters have different PD inception voltages. For all 
cavity diameters the PDs are concentrated to one or more 
distinct magnitudes. This indicates that the statistical time lag 
does not influence the PD activity significantly. At 0.01 Hz 
there is a concentration of PDs at magnitude about 200 pC for 
all diameters (Figure 10a). In addition, for diameter 10 mm 
there is also a smaller concentration of PDs above 400 pC. 
The ratio between these two preferred magnitudes for 
diameter 10 mm is about 2, thus pointing to simultaneous PD 
detections. At 100 Hz there is one preferred magnitude for 
diameter 1.5 mm, two for diameter 4 mm and four for 
diameter 10 mm (Figure 10b). The relation between the 
preferred magnitudes for diameter 10 mm is 1: 1.9: 2.7: 3.6. 
This supposedly corresponds to detection of one, two, three and 
four simultaneous PDs, respectively. Consequently, the actual 
number of PDs per cycle for diameter 10 mm is larger than 
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Figure 8. Measurement at 10 kV and frequency decreased from 100 Hz (f) to 
0.01 Hz (a). Insulated cavity with diameter 1.5 mm. 

 
 

 

 

 

Figure 9. Measurement at 10 kV and frequency decreased from 100 Hz (f) to 
0.01 Hz (a). Insulated cavity with diameter 10 mm. 

 
Figure 10. Fraction of PDs per voltage cycle (PDs per cycle for each 
magnitude divided by total number of PDs per cycle for all magnitudes) as 
function of PD magnitude for cavity diameter 1.5, 4 and 10 mm. Applied 
voltage amplitude 10 kV, decreasing frequency, insulated cavity.   
 
shown in Figure 9. The actual number of PDs per cycle is 
higher and increases with increasing frequency since the 
number of simultaneously detected PDs increases. Also the 
spread in PD magnitude shown in Figure 9 is misleading since 
in reality all PDs have about the same magnitude.  

The difference in PD frequency dependence for test objects 
with different cavity diameters is thus principally a difference 
in number of PDs per cycle, whereas the PD magnitude is 
about the same. For the smallest cavities (diameter 1.5 mm) 
the number of PDs per cycle is about the same at all 
frequencies. In the larger cavities the number of PDs per cycle 
and the maximum number of simultaneously detected PDs 
decrease with decreasing frequency (the actual number of PDs 
per cycle is larger than shown in Figure 9). This can be 
explained by decay of surface charge as discussed in Section 
2.2 and 2.4. For the largest cavities (diameter 10 mm) the 
surface charge decay through recombination is slow due to the 
large cavity surface and there are simultaneous PD detections 
at all frequencies. That the number of PDs per cycle is higher 
in test objects with larger cavity diameter is principally due to 
that the PD inception voltage decreases with increasing cavity 
diameter. Also the number of simultaneously detected PDs 
increases with increasing cavity diameter, which can be 
explained by that a larger cavity surface gives room for more 
PDs.  

4.3 CAVITY LOCATION 
This section describes how the location of the cavity 

influences the PD frequency dependence. The PD activity in a 
cavity with diameter 4 mm and placed against the upper 
electrode is measured at applied voltage amplitude 10 kV and 
variable frequency. There were no PDs in the electrode 
bounded cavity at voltage amplitude below 8 kV. From the 
Paschen curve for air the PD inception voltage for the test 
object with electrode bounded cavity was estimated to 8.7 kV. 
In this estimation the effect of surface charge in the cavity is 
neglected, which may explain that the estimated PD inception 
voltage is higher than the measured value. 

Although the cavity is placed against an electrode, the 
initial PD pattern (before conditioning) was symmetric 
between positive and negative half cycle of the applied 
voltage, like for an insulated cavity. During the 1.5 h of 
conditioning the PD pattern changed to asymmetric and the 
PD magnitude was reduced. This change in the PD activity is 
supposed to be caused by changes in the surface properties of 
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