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Partial discharges are a sensitive measure of local electrical stress and therefore the measurement is very often used as a quality 

check of the insulation. The inception of partial discharges gives information on the limit of the electrical strength of the insulating 
material before a complete discharge between the conductors takes place. Therefore the insulating material can be tested with high 
stress but without damaging or reducing the performance of the insulation. Also, for partial discharge measurements it should be 
taken into account that every stress of the insulation will have an influence on the life expectancy of the material, but a reasonable 
compromise between the stress during the measurement in order to get reliable results and the influence of the lifetime should be 
found and established in the relevant standard for the particular equipment, e.g. transformers, cables, switchgears, etc. 
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Ι. INTRODUCTION 

 A partial discharge (PD) is a localized electrical 
discharge that only partially bridges the insulation 
between conductors and which may or may not occur 
adjacent to a conductor. This definition is given in IEC 
publication IEC60270 Ed. 2, 2000 [1], which is the 
revision of IEC publication 60270 [2]. Partial discharges 
are in general a consequence of local electrical stress in 
the insulation or on the surface of the insulation. The 
discharges normally appear as pulses with duration of less 
than 1 µs. So-called continuous pulse less discharges in 
gaseous dielectrics also exist, but this kind of discharge 
will not be handled in this chapter. Furthermore, the term 
‘corona’ is often used for the partial discharges that occur 
in gaseous media around conductors which are remote 
form solid or liquid insulation, and therefore ‘corona’ is a 
particular kind of partial discharge. 

The partial discharge measurement is a typical 
nondestructive test and it can be used to judge the 
insulation performance at the beginning of its service time 
taking into account the reduction of the performance 
during the service time by the ageing, where by the 
ageing depends on numerous parameters like electrical 
stress, thermal stress and mechanical stress. Depending on 
the kind of insulating material, different limits for the 

allowed partial discharge value at a given stress are 
defined in the relevant recommendations. In particular, 
for solid insulation where a complete breakdown 
seriously damages the test object the partial discharge 
measurement is a tool for quality assessment. 
ΙΙ.   PHYSICAL BACKGROUND OF PARTIAL 

DISCHARGES 
Partial discharges occur at locations where the 

electrical stress exceeds the limit of the insulating 
material. These limits depend on different parameters like 
kind of material, temperature, pressure, duration of stress, 
purity, etc. In any case the inception of partial discharges 
at a given applied voltage demonstrates that at least 
locally a strength limit has been reached. Depending on 
the insulating material the voltage level at which partial 
discharges occur and the amount of charges allow 
evaluation of the performance and quality of the 
insulation to be tested based on experimental values. The 
most critical type of insulation is solid material, and 
therefore the examples are based on that. The partial 
discharge measurement on a solid insulation should 
demonstrate that under a given stress the insulation will 
withstand the service conditions for, for example, 30 
years. It is therefore necessary to know the change of 
performance due to ageing under the service conditions. 
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Figure 1 shows a simplified diagram of the electrical 
performance of a solid insulating material as a function of 
the service time / period of stress. 
 

 
Figure 1: breakdown voltage as function of the period of stress 

 
The electrical breakdown takes place at the beginning 

of the period of stress, followed by the so-called thermal 
breakdown and the later erosion breakdown, mainly 
caused by partial discharges which need a long time until 
complete discharge between the two conductors occurs. It 
should be noted that the time axis in figure 2 is not linear 
due to the different time ranges for the different types of 
breakdown. For high voltage equipment, very often 
insulating materials are used where the area of thermal 
breakdown does not exist because the power losses are 
very small. For these materials the breakdown voltage 
behavior as a function of time/period of stress is shown in 
figure 3.  

 
Figure 2: Breakdown voltage as function of period of stress for 

insulating material with very low power losses 

 
Figure 3: 

 

There is no clear separation between the electrical 
and erosion breakdown, and experience shows that this 
curve can be described by the so-called lifetime law, 
 
ENt=const                                                                        (1) 
 

Where E is electrical field strength, N is the lifetime 
coefficient and t is period of stress. 

The effect of volume on the breakdown strength of 
solid material can also be taken into account by 
modification of this equation. The strength of this 
equation is the fact that with reasonable voltage period of 
stress an estimation of the expected lifetime can be made 
and that a partial discharge measurement at the beginning 
of the period of stress gives reliable information 
concerning the behavior of the material in the time range 
where complete breakdown is caused by erosion. 

The detection and measurement of partial discharges 
is based on the assumption that in the insulating material 
small cavities exist in which the discharge takes place. 
This discharge causes a charge transfer in the whole 
circuit by an impulse shaped current which can be 
detected and measured. The relation of the discharge 
event and the phase angle of the applied voltage at power 
frequency are also important for measurement of the 
partial discharge because the nature of the defect can be 
determined. 

In figure 3 a simplified equivalent circuit for the 
explanation of the partial discharges is shown. 

The voltage across the capacitor C1 is given by the 
following equation: 
 
U1=U[C1/ (C1+C2)]                                                         (2) 
 

The discharge of the spark gap S represents the 
partial discharge, and this takes place when the voltage U1 
has reached the so-called inception level of partial 
discharges. Under ideal conditions the discharge process 
of the spark gap S needs no time, but for real 
arrangements the discharge process is still very fast and 
can be neglected in regard to the timescale of the applied 
voltage. Owing to the discharge of the capacitor C1 the 
capacitor C2 is now stress with the voltage U, and this 
causes a change in the charges. Before the breakdown of 
the spark gap S the charge Q2 of the capacitor C2 is 
 
Q2=U2C2=U[(C1C2)/(C1+C2)]                                       (3) 
 

After the breakdown the charge *
2Q  is  

 
*
2Q =UC2                                                                        (4) 

 
The charge difference should be delivered by the 

capacitor C3 or by the voltage source. Because of the 
different time constants the charge will be delivered by 
the capacitor C3 in a very short current pulse. This current 
pulse causes a reduction in the voltage across the 
capacitors C2 and C3, so the power supply reacts and the 
voltage will be increased up to the original value U by 
charging all the capacitors. More or less at the same time 
the spark gap S has been recovered and the capacitor C1 
will be charged again until it reaches the breakdown 
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voltage of the spark gap S. The charge difference can be 
calculated according to the equation  
 

)]/([ 21
2
1 cccUQ +=∆                                                (5) 

 
Because neither C1 nor C2 is known, only the short 

current pulse through a coupling device or impedance can 
be measured. There fore the capacitor C3 is normally 
replaced by a coupling capacitor CK as shown in figure 4, 
where the capacitor Ca represents the whole capacitor 
arrangement of figure 3. 

The partial discharge (resp. the discharge) of 
capacitor C1 causes an impulse current flowing in the 
circuit given by the test object Ca, the coupling capacitor 
CK and the coupling device CD (resp. the impedance Zmi). 
The integration of this current gives the measured charge. 
This circuit is normally known as a parallel coupling 
circuit because the coupling capacitor and the test object 
are connected in parallel. Form the measuring point of 
view it makes no difference if the coupling device is in 
series with the test object Ca, but in this case the test 
object should be isolated from ground, and this is very 
often not possible. 

The most important aspect of partial discharge 
measurement is the calibration. Normally only the 
terminals of the test object are accessible, and the charge 
which can be measured there is defined as the apparent  

Charge q according to IEC publication 60270 Ed. 2, 
2000 [1]. A partial discharge pulse with a unipolar charge 
q, injected at the terminals of the test object in the 
specified test circuit within a very short time, would give 
the same reading on the measuring instrument as the 
partial discharge pulse in the insulation material itself. 
The apparent charge is not equal to the amount of charge 
locally involved at the discharge of the capacitor C1 in 
figure 3, and there is no more information on the amount 
of charge available as it can be measured on the 
accessible terminals of the test object. 

The relationship between the occurrence of partial 
discharges and the phase of the applied voltage depends 
on the type of defect. Assuming a sharp point at the high 
voltage electrode of an air insulated arrangement, the 
partial discharges start when the voltage at the sharp point 
reaches the negative peak value due to the behavior of the 
electrons. With an increase in voltage the partial 
discharges also occur at positive peak value. Therefore 
the location of a sharp point generating partial discharges 
is simple. More complicated is the situation in solid 
materials where small cavities (capacitor C1 in figure 3), 
discharge (breakdown of spark gap S in figure 3) and the 
pulses are measured in a test circuit according to figure 4. 
Figure 5 shows the typical partial discharge behavior of a 
solid material assuming that the discharge voltage is 
constant and polarity independent and that the former 
breakdowns do not influence the breakdown voltage of 
the cavity. 

It can be seen that in this case the partial discharge 
occurs around the zero crossing point of the applied 
voltage, which is completely different from partial 
discharges in air. The number of pulses depends on the 
breakdown voltage of the cavity and may be different for 
the two polarities in real insulating arrangements. 

Furthermore, the amount of charge is also not constant for 
all pulses and therefore some other important parameters 
should be measured or calculated. 
 

 

 
Figure 4: 

 
Figure 5: 

ΙΙΙ. REQUIREMENTS ON A PARTIAL 
DISCHARGE MEASURING SYSTEM 
The most important parameter of the partial discharge 

measurements is the apparent charge q, because this value 
gives a reference for the specified test circuit and test 
object after calibration. Because of the randomness of the 
partial discharges, averaging of the measured pulses by 
the recording device is necessary to prevent wrong 
measurement from only a single event. This is in 
particular important under real measuring conditions 
where a number of different noise sources influences the 
partial discharge measurement. The pulse repetition rate n 
is given by the number of partial discharge pulses 
recorded in a selected time interval and the duration of 
this time interval. The recorded pulses should be above a  

certain limit, depending on the measuring system as 
well as on the noise level during the measurement. The 
pulse repetition frequency N is the number of partial 
discharge pulses per second in the case of equidistant 
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pulses. Furthermore, the phase angle Φi and the time of 
occurrence ti  are information on the partial discharge 
pulse in relation to the phase angle or time of the applied 
voltage with period T : 
 
Φi=360(ti/T)                                                                    (6) 
 

The reference point is the positive going transition of 
the applied voltage. 

The interpretation of the partial discharge 
measurements frequently requires further derived 
quantities like discharge power P, quadratic rate D and 
average discharge current I, which are described in detail 
in reference 1. 

For measurement purposes the largest repeatedly 
occurring partial discharge magnitude and the specified 
partial discharge magnitude are also important. For partial 
discharge measurements with voltage at power frequency 
the specified magnitude of the apparent charge q is the 
largest repeatedly occurring partial discharge magnitude.  

The performance of an insulating material can also be 
evaluated by the partial discharge inception voltage Ui 
and the extinction voltage Ue. The inception voltage is the 
applied voltage at which repetitive partial discharges are 
first observed when the voltage is gradually increased 
from a lower level where no partial discharges occur. The 
extinction voltage is the applied voltage at which 
repetitive partial discharges cease to occur when the 
voltage is gradually reduced from a higher level at which 
partial discharges are observed. This value is in practice 
the voltage level at discharges are observed. This value is 
in practice the voltage level at which the specified 
magnitude of partial discharges is below the specified low 
value or the limit of the recording system. 

For reference measurements a partial discharge test 
voltage level is specified as a voltage level at which the 
test object should not exhibit partial discharges exceeding 
the specified partial discharge magnitude applied in a 
specified partial discharge test procedure. 

Because of the numerous noise sources the partial 
discharge measurement should be carried out in a 
frequency range where the noise is as low as possible. 
The short and small current impulses should not be 
disturbed by the power frequency or its harmonics. 
Therefore a lower and upper frequency limit should be 
defined at which the transfer characteristic of the coupling 
device has fallen by 6 dB from the peak pass band value. 
The measurement of a partial discharge pulse is an 
integration of the current over the time, and the 
transformation from the time to the frequency domain 
means that the charge of a pulse is given by the amplitude 
content at zero frequency. As long as the frequency 
response of the coupling device and moreover of the 
complete measuring system is flat, the information 
concerning the charge of a pulse can be taken at any 
frequency. However, the noise reduction may be more 
efficient in a certain frequency range and therefore the 
frequency response of the measuring system should be 
appropriate. Figure 6 shows an example of a characteristic 
frequency response. 

The midband frequency fm and the bandwidth f are 
given by the following equations: 

 

2
21 fffm

+
=                                                               (7) 

12 fff −=∆                                                                (8) 
 

The characterization of the measuring circuit 
concerning the frequency range is done by its transfer 
impedance Z (f), which gives the ratio of the output signal 
amplitude to constant input signal amplitude as a function 
of the frequency assuming that the input signal is 
sinusoidal. 

The pulse resolution time Tr is the shortest time 
interval between two consecutive pulses of short duration, 
same shape, polarity and charge magnitude for which the 
response will not change by more than 10% of that for a 
single pulse. The pulse resolution is in general inversely 
proportional to the bandwidth f∆ . 

 
Figure 6: 

 
ΙV. MEASURING SYSTEMS FOR APPARENT 

CHARGE 
It is recommended in [1] that the relevant technical 

committees should use the apparent charge as the quantity 
to be measured and that the test circuit and the measuring 
system shall be calibrated. To measure the possible partial 
discharges within the test object it is necessary that the 
complete test circuit is ‘ free’ of partial discharges, which 
means that the level of partial discharges within the test 
circuit is below the required partial discharge magnitude 
at the relevant applied voltage level. This need proper 
design of the test equipment, the high voltage connections 
and the grounding of all apparatus in the vicinity of the 
test circuit. Furthermore, very sensitive measurements 
require shielding of the whole test arrangement against 
electromagnetic interferences. 

The coupling device is normally a passive four-
terminal network which converts the current pulse to a 
voltage signal, and its frequency response is chosen to 
prevent the power frequency and its harmonics from the 
recording instrument. 

Generally the response of the recording system is a 
voltage pulse where the peak value is proportional to the 
charge of the current impulse. The shape, duration and 
peak value of the voltage pulse are determined by the 
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transfer behavior of the measuring system, and shape and 
duration may be completely different from the original 
current pulse. To get a reasonable measurement, 
integration of the recorded pulses should be done in such 
a way that the indication of the largest repeatedly 
occurring partial discharge magnitude is according to 
table 1 for equally large equidistant pulses of a given 
charge. 

This characteristic is necessary to get the same 
readings with different types of instruments, including 
digital recording systems, and to establish compatibility 
of partial discharge measurements. 

Regarding the frequency range, two types of systems 
exist: wideband and narrowband partial discharge 
measuring systems. The recommended values for a 
wideband system according to [1] are: 

 
30 kHz ≤≤ 1f  100 kHz 

 ≤2f 500 kHz 
100 kHz 400≤∆≤ f  kHz 
 

The response of such a system to a partial discharge 
current pulse is in general a well damped oscillation. The 
apparent charge q and the polarity of the partial discharge 
pulse can be determined, and the pulse resolution time Tr 
is small, typically in the range of 5-20µs. 

Narrowband measurements are characterized by a 
small bandwidth f∆  
 
9 kHz ≤∆≤ f 30 kHz 

50 kHz ≤≤ mf 1 MHz 
 

The response of such a system to a partial discharge 
current pulse is a transient oscillation with the negative 
and positive peak value of its envelope proportional to the 
apparent charge q independent of the polarity of this 
charge. The pulse resolution time Tr is large and typically 

sµ80≥ . 
 

 
 

V.   CALIBRATION OF A PARTIAL DISCHARGE 
MEASURING SYSTEM 
The aim of the calibration is to verify that the 

measurement system is able to measure the specified 
partial discharge magnitude correctly. With the 
calibration of the measurement system within the 
complete test circuit the scale factor for the measurement 
of the apparent charge q will be determined. Because of 
the influence of the test object the calibration shall be 
made with each new test object. 

The calibration is carried out by injecting a short 
duration pulse of known charge magnitude q0 into the 
terminals of the test object. The reading of the instrument 
at this given charge can then be adjusted in order to have 
a reasonable scale factor for the later partial discharge 
measurements. The calibration should be done for each 
measuring range used. 

The calibration pulses are generally derived from a 
calibration producing a voltage step of the amplitude U0  
in series with a capacitor C0 so that the repetitive charges 
have the magnitude 

q0=U0 C0 
The rise-time of the voltage step shall be very small, 

60≤ ns. The detailed requirements on the calibration as 
well as on the procedure are described in reference 1. 
 
VΙ. CONCLUSIONS 

Partial discharge measurement is a very sensitive tool 
for quality checking of insulating materials. 

The measurement of the apparent charge is a relative 
measurement and requires the reference values given by 
the standards and based on practical experience. 

The main problem of partial discharge measurement 
is the separation between noise and partial discharge 
signals, but with proper selection of the bandwidth and 
the use of intelligent procedures like filtering the 
measurements can also be carried out under on-site 
conditions. 
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