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INTRODUCTION Tesla Pishro Co

For many years the measurement of partial discharges (PD) has been employed as a sensitive
means of assessing the quality of new insulation as well as a means of detecting localized sources
of PD in aged electrical winding insulation arising from operational stresses in service. Compared
with other dielectric tests (i.e. the measurement of dissipation factor or insulation resistance) the
differentiating character of partial discharge measurements allows localized weak points of the insu-
lation system to be identified.

The PD testing of rotating machines is also used when inspecting the quality of new assembled and
finished stator windings, new winding components (e.g. form-wound coils and bars, HY bushings,
atc.) and fully impregnated stators.

In connection with the servicing and overhaul of rotating machines, the measurement of partial dis-
charges can also provide information on:

— points of weakness in the insulation system;
— ageing processes;

— further measures and intervals between overhauls

Although the PD testing of rotating machines has gained widespread acceptance it has emerged
from several studies that not only are there many different methods of measurement in existence
but also the criteria and methods of analysing and finally assessing the measured data are often
very different and not really comparable. Consequently, there is an urgent need to give some guid-
ance to those users who are considering the use of PD measurements to assess the condition of
their insulation systems.

Partial discharge testing of stator windings can be divided into two broad groups,

1. Off-line measurements, in which the stator winding is isoclated from the power system and a
separate power supply is employed to energize the winding.

2. On-line measurements, in which the rotating machine is operating normally and connected o
the power system.

Both of these approaches have advantages and disadvantages with respect to one another. A brief
discussion of the merits of on-line testing, as well as the drawbacks, is provided in the Informative
Annex B. However, while acknowledging the extensive world-wide use of on-line methods and their
proven value to industry, this document is confined to off-line techmiques. This approach is consid-
ered necessary to render this document sufficiently concise to be of use by non-specialists in the
field of PD testing.

Limitations

When stator windings are being tested different types of PD measuring instruments will inevitably
produce different results and consequently PD measurements will only be comparable under certain
conditions. Therefore, absclute limits for the windings of rotating machines, e.g. as acceptance
criteria for production or operation, are difficult to define. This is mainly due to pulse propagation
phenomena, specific difficulties with calibration and the individual frequency response characteris-
tics of stator windings and PD measuring systems.

In addition, the degree of deterioration, and hence the risk of insulation system failure, depends on
the specific type of PD source and its location within the stator winding insulation, both of which can
influence the test results very significantly.

Empirical limits verified in practice can be used as a basis for evaluating test results. Furthermore,
PD trend evaluation and comparisons with machines of similar design and similar imsulation system
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measured under similar conditions, using the same measurement equipment, are recommended to
ensure reliable assessment of the condition of the stator winding insulation.

Users of PO measurement should be aware that, due to the principles of the method, not all insula-
tion-related problems in stator windings can be detected by measuring partial discharges (e.g. insu-
lation failures involving continuous leakage currents due to conductive paths between different ele-
menfs of the insulation or pulseless discharge phenomena).

For testing individual winding components the limitations due to pulse propagation phenomena need
not be considered when interpreting the results of measuremenis.
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ROTATING ELECTRICAL MACHINES -
Part 27: Off-line partial discharge measurements on the stator
winding insulation of rotating electrical machines

1 Scope

This part of |IEC 60034 provides a common basis for:

— measuring techniques and instruments;
— the arramgement of test circuits;

— normalization and testing procedures;
— noise reduction;

— the documentation of test results;

— the interpretation of test results;

with respect to partial discharge off-line measurements on the stator winding insulation of rotating
electrical machines when tested with alternating voltages up to 400 Hz. This technical specification
applies to rotating machines having bars or form wound coils with conductive slot coating. This is
usually valid for machines with voltage rating of 6 k' and higher. The measurement methods de-
scribed im this document may also be applied to machines without conductive slot coating. However,
results may be different and are not covered by this document.

2 Normative references

The following referenced documents are indispensable for the application of this document. For
dated references, only the edition cited applies. For undated references, the latest adition of the
referenced document (including any amendments) applies.

IEC 60060-1, High-voltage test technigues — Part 1: General definitions and test reguirements
IEC 60060-2, High-voitage test technigues — Part 2: Measuring systems
IEC 60270:2000, High-voltage test technigues — Partial discharge measurements

3 Terms and definitions

For the purposes of this document the general terms and definitions for partial discharge measure-
ments given in IEC 80270 apply, together with the following.

31

off-line measurement

a measurement taken with the rotating machine at standstill. The machine is disconnected from the
power system. The necessary test volitage is applied to the winding from a separate voltage source.

3.2
on-line measurement
a measurement taken with the rotating machine in normal operation.

3.3

stress control coating

The paint or tape on the surface of the groundwall insulation that extends beyond the conductive
slot portion coating in high-voltage stator bars and coils. The stress control coating reduces the
electric field stress along the winding overhang to below a critical value that would initiate PD on
the surface. The stress control coating overlaps the conductive slot portion coating to provide elec-
trical contact between them.
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3.4

conductive slot coating

the conductive paint or tape layer in intimate contact with the groundwall insulation in the slot por-
tion of the coil side, often called semiconductive coating. This coating provides good electrical con-
tact to the stator core.

3.5

resistance temperature detector (RTD)

a temperature detector inserfed into the stator winding, usually between the top and bottom bar or
coil side in a given slot.

3.6
slot discharges
discharges that occur between the outer surface of a coil or bar and the grounded core laminations.

3.7
internal discharges
discharges that occur within the insulation system.

3.8

surface discharges

discharges that occur on the surface of the insulation or on the surface of winding components in
the winding overhang or the active part of the machine winding.

3.9

pulse height distribution

the number of pulses within a series of equally-spaced windows of pulse magnitude during a prade-
fimed measuring time.

310

pulse phase distribution

the number of pulses within a series of equally-spaced windows of phase during a predefined
measuring time.

3.1

partial discharge pattern

a PD distribution map for visualization of the PD behaviour during a predefined measuring time, in
which specific PD parameters are used for graphical representation.

312

coupling device

usually an active or passive four-terminal network that converts the input currents to output voltage
signals. These signals are transmitted to the measwring instrument by a transmission system. The
frequency response of the coupling device is normally chosen at least so as to efficiently prevent
the test voltage frequency and its harmonics from reaching the measuring instrument.

3.13

PD coupling unit

a high voltage coupling capacitor of low inductance design and a low voltage coupling device in
series.

314

largest repeatedly occurring PD magnitude Q-

the largest magnitude recorded by a measuring system which has the pulse train response in ac-
cordance with IECG60270, 4.3.3, or as the magnitude assocciated with a PD pulse repetition rate of
10 pulses per second (pps), which can be directly inferred from a pulse height distribution.
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normalized quantity number NQN

normalized area under a straight line fitted to the pulse counts in each magnitude window of a pulse
height amalysis, in which the pulse counts are expressed as a logarithm of the pulses per second
and the pulse magnitude window is a linear scale.

4 Nature of PD in rotating machines

4.1 Basics of PD

Ganerally partial discharges {PD) can develop at locations where the dielectric properties of insulat-
ing materials are inhomogeneous. At such locations the local electrical field strength may be en-
hanced. Due to local electrical over-siressing this may lead to a local, partial breakdown. This par-
tial breakdown does not result in a total breakdown of the insulation system. PD in general requires
a gas volume to develop, e.g. in gas filled voids embedded in the insulation, adjacent to conductors
or at insulation interfaces.

A partial discharge can occur when the local field strength of each inhomogeneity exceeds its
breakdown field. This process may result in numerous PD pulses during cne cycle of the applied
voltage.

The amount of charge iransferred in the discharge is closely related to the specific properties of the
inhomogeneity such as the dimensions, the actual breakdown voltage and the specific dielectric
properties of the materials involved, e.g. surface properties, kind of gas, gas pressure eic.

Stator winding insulation systems for high voltage machines will normally have some PD activity,
but are inherently resistant to partial discharges due to their inorganic mica componenis. However,
significant PD in these machines is usually more a symptom of insulation deficiencies, like manufac-
turing problems or in-service deterioration, rather than being a direct cause of failure. Mevertheless,
depending on the individual processes, PD in machines may also directly attack the imsulation and
thus influence the ageing process. The time to failure may not correlate with PD levels, but depends
significantly on other factors, e.g. operating temperature, wedging conditions, degree of contamina-
tion efc.

The measurement and the analysis of the specific PD behaviour can be efficiently used for quality
control of new windings and winding components and for early detection of insulation deficiencies
caused by thermal, electrical, ambient and mechanical ageing factors in service, which might result
im an insulation fault.

4.2 Types of PD in rotating machines

4.2.1 General

Partial discharges may develop throughout the stator winding insulation system due to specific
manufacturing technologies, manufacturing deficiencies, normal in-service ageing, or abnormal age-
ing. Machina design, the nature of the materials used, manufacturing methods, operating conditions
etc. can profoundly affect the quantity, location, characteristics, evolution and the significance of
PD. For a given machine the various PD sources may be identified and distinguished in many cases
by their characteristic PD behaviour.

4.2.2 Internal discharges

4221 Internal voids

Although manufacturing processes are designed to minimize internal voids, inevitably there is some
void content in a resin impregnated mica tape insulation system, that is mormally used in high volt-
age rotating machines. Actually the mica in the insulation system prevents the partial discharges
from dewveloping into 8 complete breakdown. As long as internal voids are small and do not signifi-
cantly enlarge, operational reliability is not reduced.
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4.22.2 Internal delamination

Internal delamination within the main insulation can be caused by imperfect curing of the insulation
system during manufacturing or by mechanical or thermal owver-stressing during operation. Large
voids may develop over a large surface resulting in discharges of relatively high energy, which may
significantly attack the insulation. In particular, delamination will reduce the thermal conductivity of
the insulation, which might lead to accelerated ageing or even a thermal runaway. Thus, delamina-
tion needs careful consideration when PD activity is being assessed.

4.2.2.3 Delamination between conductors and insulation

Delamination at the interface of the copper conductor and the main insulation that usually results
from excessive thermal cycling is dangerous since the turn or strand insulation of the conductors
can be severely damaged.

4.2.3 Slot discharges

Slot discharges in high voltage machines will develop when the conductive slot portion coating is
damaged due to barfcoil movement in the slot or slot exit area, e.g. by a loss of wedging pressure
due to settlement, erosion of the material, abrasion, chemical attack or manufacturing deficiencies.
High-emergy discharges will develop when serious mechanical damage is already present, which
may result in additional damage to the main insulation and eventually in an insulation fault. In the
early stage slot discharges are rather vibration sparking than being classical partial discharges.
This vibration sparking may also occur at low potential sites, e.g. close to the star point of the wind-
ing. Though the absolute time between detection of this phenomencn and final insulation failure is
unknown, but could be short, reliable detection at an early stage is necessary to initiate appropriate
remedial action.

4.2.4 End-winding surface discharges

Partial discharges in the end-winding area may occur at several locations with high local electric
field strengths. Such discharges usually occur at interfaces between different elements of the stator
winding overhang. If the stress control coating of the end-winding becomes ineffective because of
poorly designed interfaces, contamination, porosity, thermal effects etc., reliable field grading is no
longer assured and surface discharges will develop, which may gradually erode the materials. This
is normally a very slow failure mechanism, even though the PD behaviour might be subjected o
relatively fast changes due to surface effects. In addition, PD may occur between phases, e.g. due
to imadequate interface clearance, at elements of the overhang support system, or as phase o
ground discharges on the end-winding surface.

4.2.5 Conductive particles

Conductive particles, especially small particles, e.g. due to contamination of the winding, may result
in & strong local concentration of partial discharges. This may result in a ‘pinhole’ in the insulation.

4.3 Pulse propagation in windings

At its origin a partial discharge current can be characterized as a transient pulse with a rise time of
only a few nanoseconds. For these short PD pulses with a high frequency spectrum the stator wind-
ings represent objects with distributed elements in which trawvelling wave, complex capacitive and
inductive coupling, and resonance phenomena occur. Therefore, PD pulse propagation phenomeana
need to be considered. Due to the attenuation, distortion, reflection and cross-coupling of travelling
wave signals, the form and magnitude of the PD signal recorded at the terminals of the winding dif-
fer from those at the point where it originates. With that in mind, the following points are very impor-
tant for interpreting PD measurements taken on rotating machines:

— The transmission function from the PD source to the PD sensor is unknown and depends on
the specific design of the machine which determines the frequency response of the stator
winding. Therefore, the energy at the source of the PD, which can be taken as a measure of
the erosion of the insulation, cannot be measured directhy.
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— The individual high frequency transmission behaviour of a stator winding produces PD sig-
nals at the terminals that are a characteristic of the machine being tested and of the location
of the PD source.

— Wery high frequency components of PD signals are subject to considerable attenuation when
travelling through the winding and, depending on the origin of the PD, might not be detect-
able at the terminals of the test object

As a consequence of the above mentioned phenomena not only the particular stator winding design
but also the specific frequency response of the PD detection system, including coupling devices,
will significantly influence the characteristics of the signal detected at the terminals of the winding.

3 Measuring technigues and instruments

51 General

In line with IEC 60270, this clause deals solely with electrical methods of measuring partial dis-
charges because the electrical, conductive measurement of partial discharges is the most com-
monly used method of assessing the winding insulation of rotating machines. Non-electrical meth-
ods of measurement and localization are listed in Annex A.

Partial discharge measuring systems can be divided into subsystems: coupling device, transmission
system (for example, connecting cable or optical link) and measuring instrument. In general, the
transmission system does not contribute to the circuit characteristics, apart from some possible
signal attenuation, and will thus not be taken into consideration.

5.2 Influence of Frequency Response of Measurement System

The frequency response of the PD detection system, including the PD coupling unit, determines
how much energy of the PD signal from the winding can be detected. Thus, the frequency response
of the system, especially the type of coupling unit being used, has a considerable impact on the
overall sensitivity of detection. Due to the different values of lower cut-off frequency the following
qualitative relationships are basically applicable when testing complete windings:

- measurement in the lower frequency range ensures good sensitivity not only for partial dis-
charges im bars/coils close to the sensor but also for those that originate from further away in
the winding. However, the lower frequency range is more subjected to noise and distur-
bances.

- measurament in the very high frequency range may acquire only a very small proportion of
the total PD energy, which results in sensitivity to signals originating only wery close to the
sensor. However, this frequency range may be less susceplible to noise and disturbance.

For off-line PD testing to obtain appropriate sensitivity to PD from the whole winding it is advisable
to use wide band PD measuring systems. The lower cut-off frequency should be in the range of
saveral tens of kHz in accordance with [EC 60270.

It should be noted that depending on the winding design and the measurement arrangement used,
resonance phenomena that are in the frequency range of the PD measuring device may occur and
therefore may also influence PD results.

5.3 Effects of PD coupling units

For off-line PO measurements on stator windings and PD tests on winding components capacitive
coupling units are often used. These consist of a high voltage capacitor and a low voltage coupling
device in series. When testing individual winding components the coupling device may also be con-
nected in series to the test object (see Fig. Sb). The low wvoltage coupling device is connected to the
transmission system.
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The high voltage capacitor, the coupling device, the transmission system and the input impedance
of the measurement system represent a high-pass filter. Therefore, increased input impedance or
higher capacitance values lead to an increased sensitivity.

Figure 1 shows schematically the frequency response of an idealized PD pulse and the transfar
functions of different PD coupling units with a high voltage capacitor and a resistive measuring im-
pedance Z,=R at the low voltage side. The marked overlap of the spectra of the PD pulse and the
coupling unit, here shown for an RC time constant of 5 nanoseconds, determines the signal energy
which can be measured. In practical cases such systems show band pass filter characteristics due
to parasitic L and C components.

high v?llslge
T T
1.0 ;
Cﬂ [T i
— 2 oa RC time constant of .
- coupling unit in [ns]
% u ?’ ............................................
7 PD e 6
dﬂ‘?m gu_r_...
I O e PO pulgg e e e .
1 E o5 Spectrum |
- 0.2
time constant of PD coupling unit o |
for Z,=R: t=RC - N = -
& 10 10’ 1w’ 10’ 10
lower cut-off frequency: Freguency [Hz]

fo = 1/{2=RC)

Figure 1 - Frequency response of a PD pulse and coupling units of various time constants
({the shaded area refers to a time constant of 5 ns)

PD pulses are attenuated and dispersed especially at higher frequencies while propagating through
the winding. Therefore measurement systems with lower cut-off frequency in the lower frequency
range usually provide an average good sensitivity to PD from the whole winding.

When taking measurements on individual winding components the high voltage coupling capacitor
is connected to the copper conductor. For PD measurements on complete windings the coupling
unit is connected to the terminals of the machine or inside the frame directly to the winding conduc-
tors.

The following low voltage coupling devices are typically combined with the high voltage capacitor:

# RLC filters or four-terminal networks (see |EC 680270) wherein an inductance serves to sup-
press the power frequency component

# High-frequency current transformers (RF-CT) which may also serve to galvanically separate
the high veltage circuitry from the measuring device.

RF-CT connected with ground wires can also be used as standalone coupling device. When using
fibre optical signal transmitters, the coupling devices can also be installed on the HV side of the
capacitor.
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54 Wide-band and narrow band measuring systems

The principal difference between the various PD measuring systems is their bandwidth. The PD
pulses arriving at the terminals have a frequency spectrum characterized by the transmission func-
tion of the machine winding. The measured PD signal will be affected to a greater or lesser degree
depending on the bandwidth of the measuring system. Furthermore, micaceous insulation systems
are characterized by a high repetition rate of PD pulses. Figure 2 shows typical pulse responses of
different measuring systems. The upper trace of the oscillograms represents the input pulse, and
the lower trace the pulse response of the measuring system:

(1) Wide band system, (a) low pulse repetition rate, (b) increased rate, (c) high rate leading to
superimposal of pulses

(2) Marrow band system, (a) low pulse repetition rate, (b} increased rate, (c) high rate leading
to superimposal of pulses,

(1) Wide band system: Af at -3db: 210 kHz (2nd order-filters)
a) b) c)

i ; ! : uL
ua 1 1‘:’ us

= " E B & = B x " = ® e = .-': "

— st i sl — Cairms i s
= - =

(2) Marrow band system: Af at -3db: B kHz (2nd order-filters)

a) b) c)
1 1 :‘_:I I:'

Figure 2 — Typical pulse responses of wide band and narrow band PD systems
(1) Wide band systems

In accordance with IEC 60270, PD measuring systems are defined as wide band if their bandwidth
exceeds 100 kHz. With rotating machinery, wide-band measuring systems are typically used up to a
bandwidth of approximately 1 MHz. Some systems wse bandwidths up to 500 MHz. The system
bandwidth is determined by the frequency response of the coupling unit and by the signal process-
ing in the measuring instrument.

Most of the wide band PD measuring devices conform to the requirements of IEC 60270. The lower
limit frequency is set to = 10 kHz to suppress mains frequency and its harmonics. The lower limit
frequency may be variable up to a few hundred kHz to suppress external disturbances, e.g. commu-
tating pulses from power semiconductors. Typical bandwidths of many measuring devices vary be-
tween 100 kHz and 1 MHz.
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Some PD measuring devices use bandwidths of several 100 MHz with options to include digital os-
cilloscopes. The measured values of pulse amplitude are not calibrated or normalized in units of
charge, in accordance with IEC 60270, but are quoted in mV. Some of these instruments are able to
suppress external disturbance signals by means of differential measurements.

(2} Marrow band systems

Marrow band PD measuring devices are characterized by a small bandwidth of 9 kHz to 30 kHz with
an adjustable centre frequency in a wide range up to 1 MHz. The large number of partial discharges
im mica insulatiom in conjunction with the long decay time of the oscillating pulses may lead to a
superposition of successive discharges (see Figure 2). Thus, the readings of the individual pulse
charge may be in error. Consequently, narrow band measuring systems are less frequantly used for
taking partial discharge measurements on rotating machinery.

(3} Quadratic rate based systems

The guadratic rate in accordance with IEC 60270 is expressed as {G-Du|l3mbﬂ-]2 per second and as-
signs greater weight to larger pulses. The center frequency of a narrow band filter is set to several
kHz, with a narrow bandwidth of several hundred Hz. The output of the filter is sent to a quadratic
rate detector where the results are expressed in decibels above a certain level defined in Cfs. De-
tection in quadratic rate eliminates, up to a certain limit, the falsification of readings when the time
between successive discharges is randomized. In that case, the reading is proportional to the en-
ergy dissipated in internal discharges.

& Visualization of measurements

6.1 General

In view of the fact that it is the condition of the insulation system that is being assessed, the PD
data recorded with one of the measuring devices described in clause 5 should be processed appro-
priately. Since the degree of damage to the insulation system, and therefore the risk of failure, is
directly related to the particular nature of the partial discharge source, it is necessary to obtain reli-
able information on the kind of partial discharge sources that are measured. Various types of visual
data processing can be employed for this purpose.

6.2 Minimum scope of PD data presentation

To evaluate the PD behaviour it is recommended that at least the classic parameters of partial dis-
charge measurement, are used as follows:

— the PD magnitude and

— the rms walue of test voltage

The PD magnitude, as the largest repeatedly occurring magnitude, can be expressed in terms of
voltage [mV] or in terms of apparent charge [pC] and evaluated in accordamce with IEC G0270. In
principle the measuring unit usad for quantifying the PD magnitude is arbitrary. In the display ob-
tained from these two parameters, the PD magnitude O, related to the test voltage U applied to the
winding or winding element is shown as function Qp, = ffl!) for increasing and decreasing voltage.
Here the test voltage, in accordance with 9.1.5, is increased to a specified maximum value, either
continuously or in suitably chosen steps, before being reduced to the minimum test voltage.

In additioen the inception voltage U, (PDIV) and the extinction voltage U, (PDEV) of the partial dis-
charges from the test object, in accordance with IEC 60270, can be determined from the curve (0, =
ffL'} in Figure 3. The inception and extinction voltages are related to a specified low threshold value
of PD magnitude. Consequently, the detectiom limit to assess PDIV and PDEYV may significantly
vary, depending on the background noise level during testing.

Figure 3 shows an example of the Q4 = f{U) diagram. It is preferable to assign the voltage to the
abscissa and the PD magnitude to the ordinate. The voltage axis is then linear scaled. Normalizing
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the voltage values to predetermined reference walues, a.g. the maximum test voltage U,.,. facili-
tates comparisons. The PD magnitude axis can be scaled either linearly or logarithmically.

PD pulse magnitude

UlUmax

Figure 3 — PD magnitude as a function of the normalized test voltage Qm=f{UIUmax)

6.3 Additional means of PD data representation

6.3.1 General

When using digital PD measuring devices the PD magnitude g is acquired for the train of PD pulses
for each individual PD event that occurs during the measuring time and the associated instantane-
ous voltage w, at time § or, for periodic AC voltages, the phase angle & within the corresponding
period of the power-frequency test voltage. In each case the measured values of PD are recorded
with a suitable type of measuring device and stored so that they can be analysed later by appropri-
ate methods.

Additional quantities can be derived from the PD data like infegrafed charge, discharge current,
quadratic rate, PD power, and PD energy in accordance with IECG0270. The NQN quantity (normal-
izead quantity number) can be used too. However, with digital systems the derived PD quantities will
depend on the specific instrument seitings during testing, e.g. trigger level etc. By using suitable
diagrams during the subsequent analysis it is possible to visualize the PD measurements so that
the condition of the insulation system can be assessed. Either statistical distributions of PD pa-
rameters, phase-resolved or time resolved presentation of individual measured PD parameters, or
so-called scatter diagrams of specific parameters can be employed for this purpose (e.g. pulse
height distribution, pulse phase distribution, phase resolved pulse height distribution, oscillograms
of pulse trains, PD distribution maps etc.).

More detailed information on suitable PD pattern types and PD diagrams for further analysis can be
found im reference [2], CIGRE Technical Brochure 226.

6.3.2 Partial discharge pattern

A partial discharge patterm can be viewed as a PD distribution map, in which specific PD quantities
are correlated in a scatter plot, to obtain information on the sources of PD activity. Usually a 2-
dimensional PD distribution map is employed for visualization.

A PD pattern, which is recommended for identifying the causes of PD in stator winding insulation
systems, is the g-g-n pattern in which the PD magnitude q, is on the ordinate and the phase of oc-

currence ¢ is on the abscissa for each individual PD pulse. In the scatter plot the frequency of PD
occurrence (n) within each phase/magnitude window should be visualized by employing a suitable
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colour code whose scale may be visualized by the side of the plot. Figure 4 shows an example of a
¢-g-n pattern.

PD pulse magnitude q,

phase of discharge sccurrence 4

Figure 4 — Example of a ¢-g-n partial discharge pattern where the PD was measured in series
with the test object in accordance with Fig. 5b, with colour code for the pulse number H{n)

T Test circuits

TA General

The essential task of a test circuit for parfial discharge measurements is to provide appropriate
conditions for the detection of partial discharges within the test object. This is best achieved when
the various components of the test circuit, not including the test object, are sufficiently PD free.

The test circuit comprises primarily:

— a high-voltage power supply conforming to IEC 80060, Parts 1 and 2.
— a voltage measuring device;

— a suitable PD coupling unit;

— a connection cable from the measuring impedance to the PD device with sufficiently low
damping characteristics and good shielding:;

— a partial-discharge measuring system;
— high-voltage connections

To ensure that the test circuit does not influence the measurement of partial discharges from the
test object, the arrangement should first be tested up to the maximum test voltage in accordance
with the test procedure given in 9.1.6. The noise level produced by the complete test circuit at
maximum required test voltage shall not exceed 100pC when using the normalization procedure in
accordance with clause 8.

In case the test arrangement is not sufficiently free of interference to allow the measurement of the
specified low threshold value of PD magnitude, an impedance or filter can be introduced at the high
voltage between the test object and the high voltage source. This serves to attenuate disturbances
from the high voltage source, e.g. PD from the testing transformer, the high voltage conductors or
from bushings, or higher harmonics of the test voltage within or close to the bandwidth of the meas-
uring system. Further information on external noise, disturbances and measuring sensitivity can be

found im Annex C and D.
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The whole test circuit should be of a low-inductance arrangement. It is essential that ground loops
are avoided. Low inductance leads are recommended as ground connections.

7.2 Individual winding components

For partial discharge measurements on individual winding components (stator bars, coils, etc.) it is
preferable to use two basic test circuits conforming to IEC 60270. These circuits are shown in Fig-
ure 5.

The low voltage coupling device in the circuit of Figure 5a is placed on the ground side of the cou-
pling capacitor. This arrangement has the advantage of being suitable for test objects with one
grounded terminal, the test object being connected directly between the high-voltage source and
ground. In the event of insulation failure during testing, the measuring equipment is not subjected to
dangerous high voltages.

In the circuit of 5b, the low voltage coupling device is placed on the ground side of the test object.
The low-voltage side of the test object should therefore be isolated from ground. This test circuit
might produce better sensitivity for low capacitance componenis compared with Figure 5a. The po-
larity of measured PD signals will be reversed for Figure 5a and 5b.

In both test arrangements, a protection circuit designed to withstand the breakdown current of test
objects, which might fail during testing, should be combined with the coupling device.
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Figure 5a — Coupling device CD in series with the coupling capacitor
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Figure 5b — Coupling device CD in series with the test object

Components

u_  high-voltage supply

£, input impedence of measuring system
CC connecting cable

OL optical link

C. testobject

C, Coupling capacitor

CD coupling device

Ml measuring instrument

Z  filter

Figure 5 - Basic test circuits in accordance with IEC 60270
7.3 Complete winding
T34 General

The information that can actually be obtained from partial discharge measurements taken on high-
voltage windings depends on the accessibility of the star point and on the method of connection
chosen for the measuring device.

The high voltage source and the PD coupling unit should be connected to opposite winding termi-
nals whenewer possible, to utilize the advantage of the damping effect of the winding phases to
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suppress conducted interference from the power supply. The PD coupling unit should be installed
as close to the winding terminals as possible. The stator core should normally be grounded.

In Figure G a test circuit is shown for a PD measurement om phase U with terminals U1, V1, W1
being the high voltage phase terminals and U2, V2, W2 being the star point side of the winding.

. Vi V2

Wi Wi 1

1= high voltage supply
Figure & — Test circuit for PD measurament (51.1) on complete winding

T.3.2 Recommended standard measurements (SX.X)

For measuraments on windings with open star point the winding connections given in Table 1 are
recommended. Table 2 shows the measurements recommended for closed accessible and inacces-
sible star point. To check the production quality after manufacturing and to have a baseline meas-
urement, which facilitates future comparison and trending of partial discharge results, it is recom-
mended to perform the measurements listed in Table 1 and 2 on new and aged windings.

Table 1 - Connection diagram 51 for open star point

I3 Mumber HV Groumnd Cu
2141 uz wiwi i
B81.2 LF i w1
B81.3 W2 i W
214 w2 - uiviwi

Table 2 - Connection diagram 52 for closed star point

I Humiber I HW I Ground I Cu

Accessible star point

8241 I LIZW2Iaw2 I - I v

Inaccessible star point

B82.2 I LW I - I v

A comparison of measurement results from 51.1 to 51.3 with measurement 51.4 for open star point
(Table 1) allows for the detection and distinction of specific partial discharge sources between two

phases of the winding, e.g. due to manufacturing deficiencies or as a result of ageing during opera-
tion (see 0.2).
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Depending on the characteristics of the available power supply and the capacitance of the winding,
it may nmot be convenient or even feasible to energize the whole winding. Then the measurement
51.4 on the complete winding to ground for open star point in Table 1 can be left out. In case of
new windings it may be decided, e.g. for smaller machines, to apply a simplified test procedure after
manufacturing even for open star point by performing only measurement 51.4. This however pro-
vides less information for future comparisons and trending of the winding condition and gives no
indication of possible discharges between two phases of the winding.

In cases where conducted interference from the power supply can be excluded, both ends of the
winding terminals, i.e. the phase and neutral side (U102, V1V2, W1W2) for measurements 51.1 to
51.4 and 52.1, can be connected, to obtain egual sensitivity for insulation defects and/or manufac-
turing deficiencies at both sides of the winding.

T.2.3 Optional, extended measurements (EX.X)

In addition to the standard measurements given in Table 1 and 2 of 7.3.2 further extended meas-
urements can be made optional, to investigate the PD behaviour of the winding insulation in more
detail. These measurements are listed in Table 3 and 4. Measurements should be selected appro-
priately. if the resulis of standard measurements indicate specific discharge sources that need fur-
ther investigation. Whether or not, and what specific kind of extended measuremant is needed, has
to be decided by the operator or manufacturer.

Table 3 - Connection diagram E1 for open star point

I3 Mumiker HY Groumnd Ca
E1.1 ui WIW2 uz
E1.2 LA | Wz W2
E1.3 Wi uzva Wz
E1.4 LI - UZVawWa

Table 4 - Connection diagram E2 for closed star point

ID Mumber | HV | Ground | Ca
accessible star pobnt
EZ2.1 uzVIW2 . u1
E2.2 uzVIW2 - w1
E2.3 uzVIW2 . W1
E2.4 UIVIW - uzVIWz2

Inaccessible star point

E2.5 LA - u
E2.8 Wi - L
E2.7 ut - Wi

By using the extended measurementis listed in Table 3 and 4 as a supplement to the standard
measurements of Table 1 and 2 in 7.3.2, more detailed information can be obtained about the spe-
cific location of dominating discharge sources within the stator winding system, since these tests
utilize the attenuation of pulses when travelling along the winding.
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8 Normalization of measurements

BA Introduction

Due to pulse propagation, resonance and mutual cross coupling in machine windings, mentioned in
4.3, calibration is not possible. The aim of normalization is to ratio out various influences of the test
circuit, e.g. power supply connections, stray capacitance, coupling capacitance and test object ca-
pacitance, by injecting a well defined reference pulse at the machine terminals with the complete
test circuit connected. Mormalization is to ensure that the PD measuring system provides sufficient
sensitivity to measure a specified value of PD magnitude correctly, as it appears at the machine
terminals during the measurement, and to show that the PD detection system used, is responding in
a repeatable fashion. In addition normalization of the test circuit facilitates comparisons betweaen
measurements on objects having the same design, taken with the same PD device. Normalization of
the test circuit should be performed by injecting short-duration current pulses of known magnitude
by means of a reference pulse generator (calibrator) conforming to the specifications given in IEC
GO27T0.

The following points are important to emphasize:

— normalization does not define the unknown, machine-dependent signal transfer function be-
tween the actual PD source in the winding insulation and the location of the installed sen-
sors, which is in general a function of the location of the PD source and the individual wind-
ing design.

— normalization at the machine terminals does not adequately represent the PD pulses that ac-
tually occur at an unknown location within the stator winding. Consequently, the process of
normalizing 8 measurement on complete windings does not provide a measure for quality of
the insulation system in terms of absolute guantities.

— normalization cannot provide a benchmark for direct comparison of different machines.

Since pulse propagation phenomena need not be considered when testing fully processed coils,
bars and other individual winding components which can be ireated as lumped capacitance, nor-
malization in terms of PD magnitude in accordance with |[EC 60270 can also serve as a basis for
absolute comparison of different objects and can thus give a measure of quality, e.g. for quality
assurance testing during manufacturing.

8.2 Individual winding components

For testing individual winding components the test circuit described in 7.2 should be normalized in
accordance with the calibration procedure given in IEC 80270 (clause 5 / Figure 4), by injecting
current pulses of a specified pulse magnitude, with the complete test circuit designed for the subsa-
quent measurement. This is performed by means of a reference pulse generator connected between
the terminals of the test object and the high voltage supply connected to the test arrangement but
not energized.

The normalization should be performed at one magnitude in the relevant range of magnitudes ex-
pected, to assure good accuracy for the specified PD magnitude. For individual winding components
the measurement of PD magnitude inm terms of apparent charge q in [pC] in accordance with
IECE027T0 is recommended.

8.2 Complete windings

For testing complete windings, the normalization of the test circuits described in 7.3 is performed by
imjecting current pulses of a specified PD magnitude at the machine terminals or at the location of
the PD coupling unit, by means of a reference pulse generator. This is to simulate PD pulses as
they appear at the machine terminals during the measurement. However, it should be noted that the
use of pC or mV cannot provide a benchmark for direct comparison of different machines, or if dif-
ferent PD detectors are employed.
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Mormalization is in principle needed for each type of test circuit arrangement described in 7.3, be-
fore starting the actual PD test. In case a sequence of PD tests is performed, e.g. 51.1, 51.2, 51.3,
im which the symmetry of the three-phase winding can be utilized, mormalization is necessary only
for the first of those measurements.

y T Ll Vi ]

JL PG \ b=

IL. Wi W2 Lstray
L

~a— P[] Fm i

1 PG = Pulse Generator according to IEC 80270

Figure 7 — Mormalization of the test circuit for measurement 51.1

Depending on the size of the individual machine under test a separate normalization of each phase
may be advisable, since for very large machines symmetry of the three phases may not necessarily
apply because of the influence of circuit ring connection design.

The procedure of mormalization for complete windings in accordance with Figure T should be per-
formed with the following steps:

1) The test circuit is selected in accordance with 7.3, depending on the type of measurement to
be performed (see Table 1 to 4, 7.3)

2) All connecting leads to the phase termimals, the PD coupler and the test woltage supply
should be as short as possible and all components of the test circuit should be in the final
arrangement for measurement with the test voltage supply connected but not energized.

3) The reference pulse generator is connected between the phase to be tested, and ground,
with leads as short as possible to avoid distortion of the signal because of lead inductance.
If possible the reference pulse generator should always be connected directly to the phase
terminal.

4) The pulse generator should be adjusted to an adequate pulse magnitude in the relevant
range of magnitudes expected from the test object.

i) The reference pulses of constant magnitude are measured by the PD device to determine a
scale factor for subsequent measurement.

Since the entire arrangement of the test object, connecting cables and measurament device with
filter and amplifier needs to be considered from a system perspective, the normalization of an indi-
vidual test circuit for complete stator windings will still only hold for a given machine and a given
detection system. It is important to emphasize that a mormalization is always needed if the new test-
ing arrangement differs from that of the previous measurement so that mo winding symmetry can be
utilized.

In principle, more sophisticated normalization procedures could be performed, which provide infor-
mation on pulse damping and cross-coupling effects of travelling pulses within the winding. How-
ever, these procedures are beyond the scope of this document.
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9 Test procedures

9.1  Acquiring PD measurements on windings and winding components

11 General

Off-line PD measurements may be obtained on complete windings, individual phases, or individual
winding components. In the case of complete or partial windings, the test object shall be discon-
nected from all external power supplies, bus work, surge arrestors, surge capacitors, and excitation
systems. Where possible, the point of test lead contact should always be at the machine terminals.
Under no circumstances should the contacts be made at the circuit breaker. In all subseguent tests,
the entire test circuit, including all components in accordance with clause 7, should be arranged in
the same way as for the initial measurement to ensure that measurements can be compared. Fur-
thermore, it is important that the measurement system used in accordance with clause 5 and the
normalization procedure applied in accordance with clause 8 are always the same to obtain compa-
rable measurement results, e.g. for trending. In addition the actual test conditions should be well
documented im the test report in accordance with clause 11.

0.1.2 Test equipment and safety requirements

The test voltage supply used to energize the winding should be sufficiently PD free, in accordance
with clause 7, over the range of applicable test voltages. The waveform of the applied voltage
should have U, /.. = 242, +/- 5%. The voltage supply should also have sufficient apparent power
(kWA rating to energize the winding. If such a unit is not readily available, some form of reactive
compensation can be used in parallel or in series with the test source. As an alternative it is ac-
ceptable to perform PD tesis at lower frequencies, e.g. by using equipment that supplies power at
0.1 Hz, or at higher frequencies up to 400Hz when using a resonance test system. In this case it
should be noted that the PD results obtained from wery-low frequency tests might significantly differ
from that at power frequency and thus direct comparison might not be possible [3]. Whichever
method is chosen, any subsequent tests should be performed using the same power supply to allow
trending of the test results over time.

Applicable safety requirements of the high-voltage PD test include, but are not limited to, the follow-
img:

1) The circuit shall be equipped with reliable over-current relay or contactor to disconnect the
power supply in the event of failure or flashover.

2) Al high-voltage connections to the stator winding terminals should be as short as can be rea-
sonably achieved, and shall have secure attachmenis to avoid inadvertent disconnection during
the test. A grounding stick should be available.

3) The area immediately surrounding the test object should be clearly marked off using highly visi-
ble barriers.

4) At least two persons should be in attemdance during the process of making connections and
applying voltage.

MNOTE Health and safely rubas and regulations may be applicable during the test.
9.1.3 Preparation of test objects

Before starting the test, the stator should be inspected for cleanliness. Furthermore, sufficient air
claarance between adjacent phase connections and between internal cables within the winding are
needed. Cables should not touch each other, or any surface at different potential.

To ensure that the winding insulation has sufficient dielectric strength for the test, it is recom-
mended to check the insulation resistance before starting the PD test, which should generally be
above 100ML{1 when corrected to 40°C [4]. Measurement of the insulation resistance will reveal
whether or not the winding is excessively dirty, damp or if the insulation is damaged. if the insula-
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tion resistance is insufficient, it is advisable to take electrical measurements after the winding has
been cleaned and dried and/or the source of the low insulation resistance value has been located.
Howewver, subject to agreement between tester and purchaser, the machine may be PD tested with-
out further treatment.

Individual winding components (e.g., coils, bars, or winding sections such as statorettes) should be
carefully prepared before any high voltage is applied. They should be clean and dry with the final
corona protection applied. Electrical field emhancements at the ends of the components should be
avoided, with all strands being in good contact. The conductive slot coating should be in contact
with ground potential throughout its whole length to form an equipotential surface. A thin, flexible
copper wire, stranded wires, metallic foils or suitable slot models are recommended.

014 Conditioning

PD will typically decrease during the first minutes of voltage application and thus conditioning will
ensure more stable PD behaviour of the winding or winding component to be measured. Therefore
the test object should be conditioned immediately before the test by energizing for several minutes
before acquiring PD data. To avoid over-siressing the winding, the applied voltage should be care-
fully chosen based on the winding condition. For new and aged windings a conditioning period for
about 5 minutes at the maximum test voltage (see 9.1.5) is recommended. Conditioning may be
useful also for individual winding components. Following the conditioning cycle, the voltage may
then be re-applied to start the partial discharge measurements.

B.1.5 Test voltages

For the PD test, the test object is connected to the circuit in accordance with clause 7 and the in-
crease in applied voltage is made either in suitably chosen steps (e.g. AU = 0,2 U_,.) or by a con-
tinuous ramping (£ 1 kV/s) up to the maximum test voltage U.,... In the case of a stepped voltage
increase (see Figure Ba), a dwell time on each step of at least 10 seconds is recommended to re-
cord the relevant PD parameters including the PD pattern at each voltage step. In case of a con-
tinuously ramped test volitage, the power supply needs to be sufficiently PD free during voltage
regulation.

The maximum applied test voltage U .. for new windings and winding components should be se-
lected from the following voltage levels:

U, = U, /+3, or operating (line-to-ground) voltage of the insulation system,
U = 1.2U/+3, or 120% of operating (line-to-ground) voltage of the insulation system,

U,

U, or rated line to line voltage of the insulation systeam

Higher test voltages may provide additional information.

MHOTE For aged windings, the ramping rate and maximum test voltage should be agreed betwesn fesier and purchaser.
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Figure Ba - Gradual stepped power-up in steps Figure 8b - Continuous power-up with
of UIU_,, =0,2 ramped test voltage

0.1.6 PD test procedure
B1.6.1 Background noise assessment

Before starting the PD test, the level of background noise associated with the measurement ar-
rangement should be obtained to ensure that the test arrangement has sufficiently low noise and
PD up to the maximum test voltage. This should be performed with the PD measuring arrangement
fully prepared for the test, preferably by replacing the test object by an appropriate discharge free
capacitor, or if such capacitor is not available by running the entire test arrangement at no-load with
power supply, PD coupling unit and PD measurement device and only the test object being discon-
nected, up to the maximum test voltage. In case of the nmo-load test, the test circuit needs to be
normalized separately for the no-load condition to gain reliable PD values. If ramped voltages are to
be applied during subsequent testing, the no-load test should be done with the same slope.

B.1.6.2 Reducing the influence of noise and disturbance

Moise resulting from sources inherent in the measuring equipment cannot practically be eliminated,
e.g. thermal noise in accordance with Annex C (Noise, disturbance and sensitivity). Disturbances,
which are assumed to result from external components, can be reduced or even eliminated by ap-
propriate measures. In a first step it is necessary to localize such disturbance signals when they
appear and to take appropriate measures to minimize them. Im general, the following guidelines can
be given to optimize the measurement arrangement:

» Use a proven combination of PD coupling unit and measuring equipment.

= Place the coupling unit as close to the test object as possible, to reduce damping between the
test object and the coupler.

= Connect the power supply and the PD coupling unit to opposite winding terminals in accordance
with clause 7 to ensure that disturbances from the power supply will be attenuated when propa-
gating through the winding.

= When testing complete stator windings ensure that the leads of all embedded temperature de-
tectors (RTDs) are anchored to the grounded stator frame.

» The arrangement of transformer and PD coupling unit needs to be normalized and tested sepa-
rately to get meaningful information about the magnitudes of the disturbances.

= Mormalization and measurement of the test arrangement is recommendad before every usage.
Depending on the location and time of measurement the quality of the supply net may change
and{or the transformer may get more and more dirty over longer times. Furthermore, the trams-
former insulation may age, or whatever may happen.
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= In general the grounding of the test object and the measuring device has to be good (large area
grounding). If possible the same conmection point for the PD coupler, the test object and the
measuring equipment should be used.

= Build the test arramgement as compact as possible. Short measuring cables, short ground leads
and compact circuit dimensions reduce the inductance and also any electromagnetic coupling
into the test circuit by antenna effects.

= Some measuring cables need a matching resistor to avoid reflection. Only proven cables should
be used for the same reason.

= Some electronic device, e.g. computers and monitors, may cause interference to the measuring
device. Often positioning these devices into another direction can reduce such influences on the
measurement.

0.1.6.3 PD testing

With the PD measuring circuit fully prepared for the test in accordance with clause 7, the test volt-
age is applied to the test object as described in 9.1.5. At each voltage step, or during continuous
ramping, the PD data recommended in clause & should be recorded and processed to provide ap-
propriate PD data presentations. To provide the Qx = f{U) curve as well as PD inception (PDIV) and
extinction voltages (PDEV) in accordance with clause G, the measurement should be parformed with
increasing and subsequently decreasing test voltage as shown in Figure & The same rate of
change during voltage increase and decrease should be applied.

If the partial discharge values during voltage application are recorded electronically and stored in
files of measured values, the diagrams recommended in clause 6 can be obtained and further
evaluation as described in clause 10 can be carried out to assess the measured PD results. This
may include the distribution of pulse magnitudes, phase resolved distributions or specific PD pat-
terns (see clause 6 and 10) at various levels during test voltage increase and decrease.

Any comments or observations during the test should be recorded to benefit future reference. De-
pending on the machine being tested and the aim of the test, an appropriate sequence of standard
measurements andf/or optional extended measurements as described in clause 7 should be taken.

9.2 ldentifying and locating the source of partial discharges
B.21 General

The elactrical measurement of PD at the terminals of the specimen evaluates the intensity, fre-
quency, and polarity of discharges, when using instruments that provide the PD parameters in ac-
cordance with 6.3. However, to translate these parameters into useful information about the winding
condition, it is important to identify the location of the source of the partial discharges.

Initially, the PD tast is generally performed on individual phasas while the other two phases are held
at ground potential. This will provide a characteristic PD distribution or PD pattern for each phase.
Following the per-phase test, and assuming that a power supply of sufficient apparent power (kWVA)
rating is awailable, the first and most basic method of determining discharge origin under off-line
test conditions is to use the test voltage source to energize simultaneously all three phases of the
winding. Under these conditions the effect of phase-to-phase voltage gradient in the end-winding is
removed. If all three phases are energized at once, discharges associated with phase-to-phase ac-
tivity in the end-winding will be eliminated from the PD signature. Phase-to-ground discharges may
still be evident, the causes of which should be thoroughly investigated. A corresponding decrease in
PD magnitude and pulse count suggests that the end-winding is contributing to the signal obtained
during the per-phase measurement. This is a8 useful means of segregating end-winding PD from
discharges in the slot.

To locate the source of a specific problem, it may be helpful for the diagnostic process to subdivide
the winding, if possible. However, since machine manufacturers will run together pole jumpers, cir-
cuit rings, and cables from one phase so that these elements are in contact with one another, in this
situation, with one circuit grounded while the other is energized, an abnormal condition exists and
high PD discharge levels may ba recorded.
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MOTE In cases where It |s necessary fo tesi & subdivided winding, the purchaser and testsr may consull the machine
manufacturar for guidance before starling the operation.

A variety of supplementary test methods has been developed, making use of the different physical
effects of partial discharges. To confirm the presence or absence of end-winding discharge, it is a
useful practice during these tests to examine the winding from both ends using a viewing scope or
camera capable of detecting corona discharge. It is an advantage of off-line tests that such inspec-
tions can be performed with covers and rotor removed, if required.

The following description deals with the very popular electrical method of localization. Mon-electrical
methods of locating PD sources are described in Annex A.

0.2.2 Electromagnetic probes

The use of electromagnetic probes to locate sources of PD requires scanning of stator slots (after
removal of the rotor), slot exit areas or end-winding area at different applied voltages. In addition to
obtaining measurements at U,, it may be desirable also to take similar measurements at discrete
intermediate voltage steps < U,. Typically these types of probes are best utilized when data can be
compared to an established database that enables ranking of the machine being tested.

It should be noted that PD activity might not be restricted to the machine end-winding. Conduit
boxes, cable routing, termination boards and stand-off insulaters etc. can initiate PD, and should be
included when using the probe test method. It should be noted that probes can disrupt the electric
field, possibly inducing spurious discharges. For PD detection within the end-winding with such
probes, additional safety requirements for the test personnel need to be considered.

10 Interpretation of test results

10.1 General

In general, factory PD testing of windings and winding compeonents is intended to ensure consistent
manufacturing quality, whereas on-site PD testing of windings is to determine the degree of ageing
due to the warious ageing factors during operation. Thus, interpretation of results obtained from
these tesis is the final, most important step after the PD measurements have been taken. Depend-
ing on the test results it has to be decided whether there are any indications of defects and, if so,
what they imply regarding the performance of the insulation system, whether any supplementary
tests are needed and the planning and/or implementation of any essential corrective maintenance.

It should be noted that individual machines are usually subjected to specific stress profiles during
operation and that there is a great variety of design features, production conditions and wvarious
insulation systems from different manufacturers. This usually leads to significant variations in the
amounts of partial discharges depending on the individual properties of the machine being tested.
As a result, a direct comparison of different types of machine in terms of absolute values is not pos-
sible.

Meither it is possible to establish any absolute limits for complete windings, e.g. as acceptance cri-
teria for use during preduction or operation. Therefore, no specific limits that can be used for quality
assessment will be given in this document.

To improve the interpretation of PD test data ocbtained on complete stator windings, the results from
previous inspection reports, e.g. from wvisual inspections, should be carefully examined and consid-
ered for condition assessment.

10.2 Interpretation of PDIV, PDEV and Q,,
10.2.1 Basic Interpretation

The basic results to interpret from any off-line PD test on windings and winding components are the
PD inception voltage (PDIV), the PD extinction voltage (FDEY) and the largest repeatedly occurring
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PD magnitude referred to as Q. measured at increasing and decreasing test voltage, in accor-
dance with 6.2.

Even if the PD site, which produces the highest PD magnitude is not necessarily the location in the
winding being at most risk, detection and interpretation of PD magnitude as a function of test volt-
age provides a simple and effective means of characterizing typical dominating PD sources.

Interpretation is always comparative for complete stator windings. That is, it is not generally possi-
ble to specify an acceptable level of Qg or a level of Q, where there is a high risk of insulation fail-
ure. As described in clause 8, this is related to the inductive, capacitive and transmission-line na-
ture of a stator winding, as well as the fact that PD is often only a symptom of the failure process,
not a direct causa. However, meaningful interpretation for complete windings can occur by:

= trending Q,, on the same stator over time, using the same test method and equipment with
same technical characteristics,

= comparing Qm from several stators with same design, using the same test method and
equipment with same technical characteristics,

= comparing Q= between different phases of one stator, using the same test method and
equipment with same technical characteristics.

PD results on individual coils or bars are measured in pC, and the PD magnitudes are absolute.
This allows comparison of the PD magnitudes between different coils or bars, and indeed meas-
urements from different test apparatus. On individual winding components the discharge imception
voltage (PDIV) and discharge extinction wvoltage (PDEV) are measured with a maximum specified
noise background in pC.

In general, the higher the PDIV and PDEY the better impregnated the winding or winding compo-
nents are for the same design and the less insulation deficiencies are present.

10.2.2 Trend in PD in 8 machine over time

This is the most powerful means of interpreting PD magnitude data on complete stator windings, no
matter which detection method is used. One first should obtain an initial fingerprint of the off-line PD
activity. The initial fingerprint is best when the winding is new. If the winding deteriorates due to
operation in service, then QO will usually increase over time. For example, doubling of Qx over one
year may be an indication that significant deterioration has occurred. Additional off-line tests, PD
probe tests or a visual inspection of the winding may then be warranted.

Some cautions with regard to PD trending over time are:

= A new stator may have relatively high PD that decrease after the first 5000-10000 equivalent
operating hours.

= For the trend to be meaningful the trend plots should only show data collected at the same
voltage, temperature and similar humidity conditions, using the same PD detector. As far as
possible between tests the test woltage should be within +/- 2.5%, the temperature of test ob-
ject should be within +/- 10°C. For hydrogen cooled machines it is recommended to perform
the measurement under atmospheric air condition, but in any case under the same gas and
pressure condition as the previous test.

» Variations of Q, of some percent, e.g. +/-25%, are normal, due to unavoidable changes in
test conditions and more or less statistical behaviour of PD processes

If the trend owver time is high, or the individual reading is high in comparison to similar stator wind-
ings or coils, then the PD data can sometimes be further analysed to determine the probable cause
for the high PD activity. In this case the analysis of phase resolved PD patterns (Figure 4) in accor-
dance with 10.3, is useful for identifying the PD sources.
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10.2.3 Comparisons between winding components or between windings

Another effective way to determine if one winding or winding component is different from another is
to compare the PD quantities between winding components or between windings. Different com-
parisons are possible.

a) Factory tests on winding componenis: Direct comparisons can be made in the PDIV, PDEV
and Qm when the measurements are made in accordance with the procedures in IEC 60270,
irrespective of the component design or measuring equipment. The results of such tests can
be used to determine if there has been a chamge in processing or insulating materials used
in the component. Usually only a small percentage of winding components are subjected to
PD tests.

b

—r

Factory Tests on Windings: When comparing PD results between similar machines, the most
reliable comparison occurs when all the stators are identical including having the same insu-
lation system, and the tests are done at the same voltage, with similar temperature and hu-
midity conditions in accordance with 10.2.2. The tests shall also be performed with the same
PD test equipment operating at the same frequency range using the same test arrangement.
As for trending over time (10.2.2), variations in Qx of some percent, a.g. +/- 25% batween
machines are not significant. The purpose of such comparison tests in the factory is to es-
tablish the relative quality of the materials and processing used to manufacture the winding.
Purchasers of windings can seek from manufacturers assurance that a mew winding was
made with the normal quality level that the manufacturer has achieved in the past. That is,
Q, for the winding at the specified test voltage is lower than 95% of the mean Q, magni-
tudes achieved by the manufacturer on the same windings they have made in the past.

In some cases, the manufacturer may compare the PD quantities from a new winding to
similar windings they have made in the past. In this context, the manufacturer may have ex-
perience that indicates that a group of different designs have the same statistical distribution
of the PD gquantities. Generally, similar machines will be of the same design, be the same
type of machine (motor, turbogenerator, etc) and have the same voltage rating.

Dwue to differences in processing and materials, as well as likely differences in PD test meth-
ods, comparisons in PD guantities on complete windings should not be made between dif-
ferent winding insulation system designs or different manufacturers.

c) On-Site Test on Windings: Comparisons can be made between windings of the same design,
manufacture and ratings, to estimate which winding may have been subjected to the most in-
service ageing. Windings with higher Q,, at the same test voltage, or lower PDIV and PDEV,
in general will be more deteriorated. The windings shall be tested with the same test equip-
ment using the same frequency range.

10.3 PD pattern recognition
10.32.1  General

If the PD data in accordance with 6.3 are recorded for each PD event during the measuring time, an
alternative way to interpret the PD activity during off-line measurements can be utilized. For this, g
g-n—patterns in accordance with 6.3.2 (Figure 4) are used. Since the degree of deterioration, and
hence the risk of insulation failure, depends considerably on the specific type of partial discharges,
it is crucial to have sound information on the source of any PD activity, i.e. on the type and possible
location within the stator winding or winding element.

When using the ¢-g-n patterns it may be possible to separate various PD sources from each other,
to assess the related risk and to trend them separately. When knowing the physical process behind
- or the location of theses separated sources - it is also possible to weight their risk separately. This
should be done, because there is little correlation batween the PD magnitudes and the ageing proc-
ess these PD patterns indicate.



60034-27 TS EJ. /DTS © |[EC:200X 29

For example, it may happen that two sub-patterns, appearing in one PD reading, may reach similar
PD magnitudes: One caused e.g. by delaminations within the main insulation of the slot section, the
other caused e.g. by surface effects somewhere in the end-winding. Although both phenomena
generate PD that may reach similar magnitudes, the delamination PD in the slot section indicate a
more critical insulation condition, caused by overheating andfor thermal cycling, than the surface
PD in the end-winding area, e.g. caused by contamination or elevated humidity.

10.3.2 Basic Interpretation

A basic procedure that can be applied for the identification and localization of typical PD sources in
windings, by using phase resolved PD patterns, is shown in Figure 9. Each sub-pattern that can be
separated from the complete PD reading can be classified in this way.

PD Data, pattern PD Data, pattern
from all phases in parallel from single phase readings
[according to clause 7) [according fo clause 7)

Y

Comparison of single
phase readings with ¥ES Same pattern
readings taken from all in 2ar 3 phasas?
phases in parallel
Visible in f::;:;ﬂu - Source identification
parallel reading? in Ehese phases {according fo clause &)
a) Concerning b] Concerning
Phase to phase location physical process
PO befween -
these phazes ‘ ‘

Figure 9 — Example for identification and localization of PD sources

The aim of PD pattern interpretation is to separate PD resulting from warious PD sources within the
test object. With this information it is possible to: (see Annex E)

» observe the trend behaviour of each PD source,
» localize the various PD phenomena,
= provide rough information concerning location for pinpointing,

= assess the insulation condition, depending on PD source and PD location.

When analysing phase resolved PD patterns, again the most meaningful interpretation can be ob-
tained by:

= trending the PD pattern on the same stator over time, using the same test method and
equipment with same technical characteristics,

= comparing PD patterns from several stators with same design, using the same test method
and equipment with same technical characteristics,

= comparing PD patterns between different phases of one stator, using the same test mathod
and equipment with same technical characteristics.
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To facilitate comparison between test results a suitable database of PD measurements should be
utilized. This database should ideally include a complete history of the PD behaviour and the opera-
tional and maintenance data of each machine under test. Furthermore, it is advisable for the data-
base being used to incorporate PD test results that can be visualized in accordance with clause @
so that typical PD patterns can be compared directly with those obtained from new measurements.
When wsing such a database, the PD test results, quantified in accordance with clause 8, may be
assigned to specific sources of PD.

The specific relationship between the source of the PD, its typical behaviour and also its implica-
tions for the risk of insulation failure, is usually based on past experience verified in practice. In
addition, the database can also be utilized for the direct comparison of PD results with those of ma-
chines of similar design and insulation system, which provides further useful information.

11 Test report

The test report should contain all data necessary for future trend analysis, as well as a clear rec-
ommendation to the operator on the condition of the machine.

The test report should contain the following items:

- Machine data
- manufacturer
- type and serial number
- year of manufacture
- original winding / date of rewind
- rated voltage
- rated current
- rated apparent power
- rated power factor
- rated frequency
- insulation class / maximum permitted winding temperature
- insulation system
- stator cooling system / media
- indirect air / hydrogen [ carbon dioxide
- direct cooled { air / hydrogen [ water
- Owner's data
- owner
- location
- umit
- Operational data (*)
- operation mode (continuous [ intermittent)
- inverter driven
- total andfor equivalent operating hours to date
- total starts to date, if available categorized in hot, warm and cold starts
- number of trips to date
- maximum winding temperature and conditions
- average winding temperature
- important events to date
- Test circuit and egquipment
- description of the test circuit
- test equipment used
- manufacturer
= type
- serial number
- calibration date and certificate number
- capacitance of the coupling capacitor (if used)
- measuring bandwidth of the PD measuring system
- Test condifions
- test specialist
- date
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- ambient temperature

- stator winding temperature

- relative humidity

- ambient air pressure

- state of the machine / stator winding (normal cooling medium / pressure, or open at
ambient condition)

- Test resulis

- insulation resistance

- instrument settings

- test voltage levels [/ ramping rate

- conditioning process

- normalization ! calibration factor per connection if relevant

- noise level

- sources of ambient disturbances if known

- PDIV, PDEV, Q=)

- threshold value for PDIV and PDEV

- pulse repetition rate for O, if available

- phase-resolved discharge number distribution if available

- phase-resolved discharge height distribution if available

- oscillogrammes of pulse trains if available

- phase-resolved partial discharge patterns if available

- Diagnosis and recommendations

- basad on:
- measuremeant resulis
- comparison with earlier measurements if available
- cbservations made during the measurement
- if available, a reference database may be used for determination of the nature

of the discharges measured

MOTE It Is advisable to store the measurement results In the most orginal data-format for Futurs reference.

(*) Recommended data to improve interpretation of PD test results
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Annex A (informative)
MNon-electrical methods of PD detection and metheds for localization

A1 HNon-comparable and non-gquantifiable

(a} Visual detection
Dark room (black-out) test with AC voltage: A method of determining the presence and location
of surface discharges.

(b} Optical detection
Ultraviolet detection equipment: See (a).

{e) Acoustic detection
AC voltage test in silent environment: Location by the naked ear or an acoustical wave-guide
{with flashower protection) e.g. insulated stethoscope. Mote that it is not normally possible to de-
tect PO activity in the groundwall insulation with acoustical methods unless the activity is espe-
cially great.

(d} Ultrasonic detection
Ultrasonic detection egquipment: See (c).

(e} Ozone detection

The presence of surface discharges causes chemical reactions. One of the by-products of the
chemical reactions is ozone that has a characteristic smell.
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Annex B (informative)
On-line partial discharge measurements

On-line PD tests refer to measurements performed while the generator or motor is operating nor-
mally. Such tests cam be performed using coupling devices that are temporarily or permanently
installed. A range of such technigques has been developed by a number of organizations, some of
which are commercially available. Details of all of the industrially important methods are provided
im IEEE 1434-2000, *Guide to the Measurement of Partial Discharges in Rotating Machinery™ [1].
This document contains extensive discussion and descriptions of the origin, consequences and de-
tection of PD using on- and off-line techniques.

The main advantage of on-line measurements is that they are recorded with the rotating machine
experiencing all of the operating stresses; thermal, electrical, environmental and mechanical. Con-
sequently, if the measurement is performed properly, this method affords the highest probability of
assessing the ability of the machine to continue to operate reliably. On-line PD testing has the fol-
lowing advantages,

« the voltage distribution across the winding is corract,
« the measurements are made at operating temperature,

+* normal mechanical forces are present.

The first condition reduces the risk of obtaining overly pessimistic PD results on the machine as it
renders the measurement preferentially sensitive to the more highly elecirical stressed areas of the
windimg. The second advantage is also extremely important because of the temperature depend-
ence of PD in rotating machines as well as other insulating systems. In addition to the influence of
temperature on void characteristics, temperature fluctuation is also known to have profound effects
on PD behaviour through such mechanisms as,

# thermally induced differential axial expansion between the copper conductors and the insula-
tion,
« radial expansion of the insulation in the case of thermoplastic insulation systems.

Consequently, it is important to ensure that the machine operating conditions remain substantially
the same when tests are performed. However, in special cases it is very helpful for the analysis of
the measured PD data to perform PD tests at various load points and temperatures, thereby being
able to separate the different influences of temperature and vibrations due to electromagnetic
forces acting on the winding. The principle operating parametars of relevance are,

« terminal voltage,

« real and reactive power,

« hydrogen pressure, if applicable,

« stator temperature, and

« stator current.
Guidance with respect to the tolerances expected of these parameters is provided in IEEE 1434-
2000. The ability to perform PD tests in the presence of the operating siresses is the major advan-
tage of on-line techniques over their off-line counterparts. While off-line tests, when properly per-
formed, analysed and interpreted can provide waluable insight into insulation condition, some uncer-
tainty remains because generally the temperature is significantly different and there are no electro-
magnetic bar forces. For this latter reason, off-line PD testing cannot determine whether the wind-

ing is loose, unless the abrasion of the semiconductive armour resulting from the relative movement
between coil/lbar surface and core iron is very severe.

There are however, some disadvantages to on-line PO measurement techniques. These are,

« electrical interference,

« volume of data, and
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« interpretation.

The first of these disadvantages, the problem of electrical noise, has been discussed extensively
elsewhere. Volume of data can become a problem for manufacturers and users monitoring large
numbers of machines, even in situations in which the testing interval are several months apart.
This problem is further aggravated when using continuous on-line techniques. The obvious answear
is to use some form of data compression or alarm processing., which is derived from specific PD
data trending procedures, such that only excursions from the norm are considered worthy of further
attention. Technigues such as artificial neural networks and expert systems are, in principle, suited
to this task. Unfortunately, with the present understanding of the causes, mechanisms and effacts
of PD, it is difficult to fully define the decision points necessary for such automation. Clearly, further
work is required in this area before reliable systems can be expected. Similar comments apply to
data interpretation. While, there are some basic interpretation rules, which have also appeared in
the literature, and a8 concerted CIGRE effort, has resulted in 8 document, CIGRE Technical Bro-
chure 226, "Knowledge Rules for Partial Discharge Diagnosis In Service™ [2], that formalizes these
rules, complete understanding of the significance of certain types of observed PD behaviour is still
far away. Despite claims of success for statistical post-processing of PD data, automated interpre-
tation that can provide the same level of confidence as the skilled and experienced observer is not
yet a reality.
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Annex C (informative)
External noise, disturbance and sensitivity

C.A1 General

Moise and disturbances may be defined as any part of the observed electrical signal that is un-
wanted. The nature of PD measurements requires that noise be classified as inherent noise in the
measuring instruments and that due to external disturbances. External disturbances due to constant
wave signals or pulsed interference signals can occcur either as conducted or irradiated signals.
There is a close link between sensitivity, noise and disturbances. Therefore it is impossible to dis-
cuss one of these topics without dealing with the other two topics at the same time. Since the per-
son who has to perform off-line tests on site or during factory tests has usually a given measuring
device, the following clauses will be limited to basic problems and how to deal with them.

c14 Sensitivity

The sensitivity of a PD measuring device can roughly be defined by the ratio of the real PD energy.
at the PD location, to the energy that reaches the PD detector and is measured there.

At the time a PD occurs, the whole test arrangement (Figure C.1) with its capacitances including
transformer (ipg,). power lines (iag ). the PD coupling unit (io5.) and the test sample (iap,) itself, re-
charges this PD location. Obviously the sum of all of these current components is equal to the re-
sulting current at the PD location: iop = iooe + ieoe * lope * isoc

Consequently, the ratio ispc / (ieo: + leoi + ieo.), i.8. the charge displacement on the coupling capaci-
tor, reflects the sensitivity of the measurement and thus, the higher the capacitance of the PD cou-
pling unit and thus the ratio of coupling capacitance to the test object capacitance, the higher is the
sensitivity of the measurement.

Therefore, if one is free to choose the coupling capacitor, the highest sensitivity can be expected
with a coupling capacitor having a large capacitance. At least the coupling capacitor needs to fit
well to the band pass characteristic of the measuring equipment and to the measuring impedance
Z

—
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Figure C.1 — Recharging of the test object by various current components

Cc.1.2 Moise and signal to noise ratio

The total noise in an electronic system results from two distinct types of neoise: fundamental noise
and excess noise. Fundamental noise arises from the motion of discrete charges in electrical cir-
cuits and cannot be completely eliminated. Excess noise arises from imperfect instrumentation or
non-ideal component behaviour and can in principle be reduced to insignificant levels. Both types of
noise, in principle, display frequency independent magnitudes. Since the excess noise s mainly
influenced by instrument design. it can only poorly be influenced and reduced by personnal taking
PD measurements and is therefore not further discussed.

The main fundamental noise is the thermal noise (Johnson noise) that is caused by thermal move-
ment of discrete charges. Across a resistance these thermal fluctuations of the charge carriers lead
to a voltage drop that appears as external noise across such components. Obviously the noise level
increases with temperature (faster thermal movement) and with the resistance (higher voltage
drop).

Since all PD measuring systems, compliant with IEC60270, work in principle with quasi-integration-
filters, the bandwidth of the measuring device leads to the same behaviour for signal and noise: the
larger the bandwidths, the more signal energy will be detected. Therefore the output signal of such
an integrator will increase with increasing bandwidth, resulting in higher output signals for the
wanted PD signal and the noise signal as well. However, in confrast to the amplitude frequency
spectrum of the wanted PD signal, which is constant up to very high frequencies, the thermal noise
specirum decreases with increasing frequency. Since the output signal of a band pass filter is pro-
portional to bandwidth for a PD pulse and proportional to the square root of the bandwidth for ther-
mal noise, the signal-to-noise ratio SMR rises roughly with the square root of the bandwidth — the
higher the bandwidths, the higher the SNR.
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The relations described in the last paragraph are valid for a given PD coupler with a fixed resistive
measuring resistance. Such a configuration leads to fixed lower cut-off frequency and is therefore
valid for one special arrangement. To reduce the lower cut-off frequency, it is necessary to increase
the coupling capacitance. Such larger couplers lead to larger currents through the sensor and there-
fore to higher output signals. Therefore devices operating in low frequency ranges with low band-
widthse may have the same SMNR than measuring devices operating in high frequency range with
large bandwidths. At least the measuring device consisting of coupling capacitor, coupling imped-
ance and the measuring device have to fit together.

c.1.3 Disturbances

We here distinguish between disturbances and noise by their nature. Disturbances appear sporadi-
cally or periedically and are from external sources, e.g. converters, voltage dips or nearby high volt-
age corona. During installation of the off-line measuring device some measures have to be taken to
reduce the negative effect of such disturbances. For off-line measurements some of these external
signals are less dominant than for on-line measurements. Some general rules to reduce the influ-
ence of such external disturbance signals are given in 9.1.6.2.
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Annex D (informative)
Methods of disturbance suppression

D.1  Freguency range limiting

The idea behind this method is, that the frequency spectra of external disturbances (interference
noise) do not show a continuous frequency spectrum in the way described in Figure 1, 5.3, for PD
pulses.

For reducing the influence of such disturbances to the measurement circuit, narrow band systems
(5.4) with bandwidths between SkHz and 30kHz can be used. When shifting the centre frequency
between the highest disturbances the influence will be significantly reduced. The measuring device
can be matched to the test arrangement.

D.2 Phase window masking

Phase stable disturbances can be eliminated by fading them out (Figure D.1 and D.2). This can be
done electronically by disabling the measuring channel during pre-defined phase windows. The user
should be aware that both, disturbances and PD from the test object are masked and that the data

are irrefrievable lost.
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Figure D.1 - Without window masking Figure D.2 - With window masking

D.3 Masking by noise signal triggering

The PD measuring device has to be equipped at least with two input channels: Besides the measur-
ing channel a second measuring channel, operating as a gating channel, is necessary. If this sec-
ond channel receives a signal, the measuring channel will be disabled for a certain time. Therefore
the PD sensor of the gating channel has to be adjusted thoroughly to the source(s) of disturbance.

D.4 Moise signal detection by measuring the propagation time

The PD pulse propagates as a wave through the test cbject and the cabling. Therefore the pulse
reaches different locations in the test object and the cabling at differing times. When installing twao
PD couplers at various locations the direction of the pulse can be registered. External PD signals as
well as external disturbances can then be separated from the PD signals coming from the test ob-
ject. If external disturbances are cross-coupled to the test object they will be handled as PD from
the test object.
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D.5 Two-channel signal difference method

Since both external signals and PD from the insulation propagate through the test sample and
through the PD coupling device, they can be measured at both locations.

ipgets 1) ippextr IF)

Figure D.3 - Pulse currents through measuring devices

Obviously the voltage drops across both measuring impedances have the same polarity for external
sources and opposite polarities for PD from the test object itself. Two optional ways of connecting
the measuring device to the low voltage coupling devices (measurement impedances) are possible.

First a measuring device with 2 inputs, one for each coupling device, measures the voltage drops
individually. With the polarity information the external signals can be fade away afterwards.

The second way is to connect the measuring device between the upper connections of the
measuring impedances. When assuming same measuring impedances and no phase shift of the
currents through the two circuits the measured voltage difference is about zero for external signals
or disturbances and is doubled for PD coming from the test object.

D.6 Suppression of constant wave (CW) signals by digital filtering

Constant wave signals are narrow band sinuscidal noise signals, e.g. caused by the carrier fre-
quencies of radio stations. A powerful method to suppress constant wave noise is the use of high
order digital filters, which are adjusted to reduce the noise at different frequency bands, at which
constant wave noise is present. These filters are implemented within digital PD measuring devices
as signal processing algorithms. Compared to frequency ramge limiting with narrow band PD
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measuring systems (see D.1) the advantage of digital filtering is the higher energy content of the
PD signal that cam be detected from the winding, resulting in a higher signal to noise ratic. In
addition the information on pulse polarity is preserved.

To reduce the unwanted signals, their frequencies should be known. Therefore this method requires
the amnalysis of the detected signal in the frequency domain. The determination of the filter
coefficients is performed by analysing the noisy environment in the frequency domain to detect and
weight the noise frequency regions for subsequent fade-out. Thus, the optimal digital filter design
depends on the individual environment, in which the PD test is performed.

During the actual PO measurement the detected signals are then processed in accordance with the
specific filter characteristics.

D.7 Moise rejection using signal processing technigues

Pulsed noise can be due to several sources in a power plant, &.g. corona discharges (PD outside
the test object) or pulses due to power electronic devices like machine exciters.

Pulsed noise rejection can be obtaimed by analysing the digitized pulse shapes. Indeed, PD and
noise pulses are usually different in shape, thus in frequency spectrum, due to the nature of the
source and of the transfer impedance between the pulse source and the detector input. As an ex-
ample, pulses due to the exciter have usually lower frequency content than PD pulses originating
from the insulation system.

This approach requires a suitable hardware which is capable of capturing the pulse shape for each
single PD event (i.e., providing sufficient bandwidth, sampling rate and acquisition memory, capable
of acquiring pulses on the basis of frigger conditions and with small dead time) and appropriate
software tools. To reduce the effect of continuous, additive noise, the detector frequency response
can be profiled using appropriate filters.

By classifying each recorded pulse in accordance with some characteristic parameters, e.g. band-
width, pulse shape, decay characteristics efc., it may be possible to separate PD in the test object
from noise pulses and to assign each single pulse to a certain PD source category or location. Such
a classification may then also be used efficiently to analyse each detected PD source separately,
e.g. for trend evaluation.

A general procedure for the separation of PD pulses from noise pulses may be the following.

« record a sufficiently-large number of pulses.

# from each recorded pulse, extract some features which can outline the differences ba-
tween PD and noise pulses.

« group pulses having similar features together.
# for each group evaluate a phase resolved PD pattern.

#« discard those pulses which give rise to phase-resolved PD patterns undoubtedly associ-
ated with noise; this procedure can be automatic or on the basis of operator experience.

In Figure D.4 and D.5 two examples are shown for a pulse classification in accordance with their
equivalent timelength T and bandwidth W. The definition of these parameters can be found in stan-
dard textbooks on telecommunication theory.
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Annex E (informative) —
Interpretation of PD magnitude data and phase resolved PD patterns

E.1 Instructions for interpretation of PD patterns

E.1.1 Example PD patterns

The following measuraments were taken under well-controlled laboratory conditions [5], so that the
PD processas are well known. The phase resclved §-g-n patterns may give an impression of possi-
ble PD patterns that can be measured and that can be displayed when using appropriate measure-
ment equipment. Superposition of patterns is possible, also variation in pattern shape, PD fre-
quency or other characteristics. Different patterns may occur than shown hera for different PD
SOUMCES.

The PD patterns shown here were measured with the low voltage coupling device placed on the
ground side of the coupling capacitor in accordance with Fig. 5a in clause 7.

i 1 End-winding discharges

Surface dischargesiiracking along the
winding owerhang due to contamination at
the airfinsulation interface.

i .

(L]

wh End-winding discharges

gl Discharges at the junction of the conduc-

) i tive slot coating and the stress control

¥, coating due to inadequate interface prop-
' erties
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End-winding discharges
Gap type discharges between bars in the

winding owerhang or between a bar and
the press finger of the core.

Internal veid discharges

Discharges from internal voids within the
main imsulation.

Delamination discharges

Discharges from delamination between the
main imsulaticn and the copper conductor

Slot discharges

Slot discharges in the air gap between the
laminated stator core and the side of the
stator bar.

Figure E.1 — Example PD patterns
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E1.2 Basic risk assessment

The following table refers to clause 4 (Mature of PD in rotating machines) and will give some basic
ideas with regard to the risk associated with some major PD sources.

The risk assessment given is based on experience with modern resin impregnated mica tape based
high voltage insulation systems and may vary in dependence on the insulation material, the location
of the PD source, surface conditions elc.

PO source Risk Remarks

Inner {infernal) PO's are generaied within air or gas Nlled
pockets that are embedded within the main insulation.
Low They result from the manutacturing process and do not
indicate aging factors. Under noemal circumstances inber-
nal discharges do nod lead to remarkable aging.

Intermal delamination PO's are generated within air or gas
Miled elongated pockets {in longitudinal direction) that are
Internal delamination High embeadded within the main inswlation.

42322 L They often resultl from overheating or from extreme ms-
chanical forces that both lead to separation of large areas
between Insulation layers.

Delamination PO's betweesn conductors and insulation
material are generated within air or gas flled slongated
pockets (in longitwdinal direction) that are embedded
between the main insulation and the field grading mate-
rial.

They often resull from overheating or from extreme me-
chanical forces that both lead o separation of large areas
between these Llayers.

Siod discharges are generated by poor, of missing, contaot
between the figld grading layer and the stator siot wall.
Typically these discharges appear only during operation of
Siod discharges High the machine. Electromechanical forces and vibration lead
4.2.3 o contact arcing that can be measured as slat PO. Only In
case of large degradation of the fleld grading layer such
slat discharges can be measured off-lne, and than they
can be characterized as ihe PO source explained in 4.2.3
End-winding and surface PO¥s are penarated somawhans
on the surface of the insulation material and therefare are

Internal wodds
4221

Delamination betwasn
conductors and insul ation High
4.2.2.3

End-winding & surface dis- located naturally In the end-winding section of a machine.
charges Mormal They result often from conductive contamination {carbon,
4.2.4 cily dust, abrasion atc.) or from damaged field grading

materials. Since they onily appear on the surface of the
Insulation they naturally do not lesd io significant sging.
PDs fram conductive particles are generaled somewherne
on the surface of the insulation material and therefare are
located naturally In the end-winding section of a machine.
Conductive particles M I They result often from large areas of conductive contami-
425 e nation {carbon, iy dust, abrasion etc.) or from separated
regions af fleld grading materials. Since they only appear
on bthe surface of ithe insulation they naturally do not lead
o significant aging.

E1.3 Basic magnitude assessment

Such an assessment is impossible without knowing the real PD location. For example surface PD
may be tem or hundred times higher than internal PD or PD from delamination, without indicating
aging phenomena that lead to premature insulation failure. Whereas for example the presence of
delamination processes, independent of the measured PD amplitudes, indicate rapid aging that
needs to be repaired promptly.



	IEC 60034-27 2006_045(1).pdf (p.1)
	IEC 60034-27 2006_001(1).pdf (p.2)
	IEC 60034-27 2006_002(1).pdf (p.3)
	IEC 60034-27 2006_003(1).pdf (p.4)
	IEC 60034-27 2006_004(1).pdf (p.5)
	IEC 60034-27 2006_005(1).pdf (p.6)
	IEC 60034-27 2006_006(1).pdf (p.7)
	IEC 60034-27 2006_007(1).pdf (p.8)
	IEC 60034-27 2006_008(1).pdf (p.9)
	IEC 60034-27 2006_009(1).pdf (p.10)
	IEC 60034-27 2006_010(1).pdf (p.11)
	IEC 60034-27 2006_011(1).pdf (p.12)
	IEC 60034-27 2006_012(1).pdf (p.13)
	IEC 60034-27 2006_013(1).pdf (p.14)
	IEC 60034-27 2006_014(1).pdf (p.15)
	IEC 60034-27 2006_015(1).pdf (p.16)
	IEC 60034-27 2006_016(1).pdf (p.17)
	IEC 60034-27 2006_017(1).pdf (p.18)
	IEC 60034-27 2006_018(1).pdf (p.19)
	IEC 60034-27 2006_019(1).pdf (p.20)
	IEC 60034-27 2006_020(1).pdf (p.21)
	IEC 60034-27 2006_021(1).pdf (p.22)
	IEC 60034-27 2006_022(1).pdf (p.23)
	IEC 60034-27 2006_023(1).pdf (p.24)
	IEC 60034-27 2006_024(1).pdf (p.25)
	IEC 60034-27 2006_025(1).pdf (p.26)
	IEC 60034-27 2006_026(1).pdf (p.27)
	IEC 60034-27 2006_027(1).pdf (p.28)
	IEC 60034-27 2006_028(1).pdf (p.29)
	IEC 60034-27 2006_029(1).pdf (p.30)
	IEC 60034-27 2006_030(1).pdf (p.31)
	IEC 60034-27 2006_031(1).pdf (p.32)
	IEC 60034-27 2006_032(1).pdf (p.33)
	IEC 60034-27 2006_033(1).pdf (p.34)
	IEC 60034-27 2006_034(1).pdf (p.35)
	IEC 60034-27 2006_035(1).pdf (p.36)
	IEC 60034-27 2006_036(1).pdf (p.37)
	IEC 60034-27 2006_037(1).pdf (p.38)
	IEC 60034-27 2006_038(1).pdf (p.39)
	IEC 60034-27 2006_039(1).pdf (p.40)
	IEC 60034-27 2006_040(1).pdf (p.41)
	IEC 60034-27 2006_041(1).pdf (p.42)
	IEC 60034-27 2006_042(1).pdf (p.43)
	IEC 60034-27 2006_043(1).pdf (p.44)
	IEC 60034-27 2006_044(1).pdf (p.45)

