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Technical specifications are subject to review within three years of publication to decide
whether they can be transformed into International Standards.

IEC/TS 60034-27-2, which is a technical specification, has been prepared by IEC technical
committee 2: Rotating machinery.
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text of this technical specification is based on the following documents:
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Full information on the voting for the approval of this technical specification can be found in
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This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

NOTE A table of cross-references of all IEC TC 2 publications can be found on the IEC TC 2 dashboard op the
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The| committee has decided that the contents of this publication will remain unchanged {ntil
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latefl to the specific publication. At this date, the publication will be

* {ransformed into an International standard,
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+ replaced by a revised edition, or

« amended.

A bilingual version of this publication may be issued at a later date.

IMBRORTANT - The 'colour inside’' logo on the:cover page of this publication indicdtes
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INTRODUCTION

For many years, the measurement of partial discharges (PD) has been employed as a sensi-
tive means of assessing the quality of new insulation as well as a means of detecting local-
ized sources of PD in used 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 insulation system to be identified. Especially on-line PD meas-
urements are not only sensitive to partial discharges but also to various arcing and sparking
phenomena.

With regard to condition assessment of rotating machines, the measurement of partial/|dis-
charges can provide information on:

— points of weakness in the insulation system;

— degradation processes;

— maintenance measures and intervals between overhauls.
Although the PD testing of rotating machines has gained widespread acceptance, it [has
emgrged from several studies that not only are there many different’methods of measurement
in ekistence but also the criteria and methods of analysing and finally assessing the measired
datg are often very different and not really comparable. Consequently, there is a need to give

some guidance to those users who are considering the use 6f PD measurements to asgess
the pondition of their insulation systems.

Parfial discharge testing of stator windings can be divided into two broad groups:
a) off-line measurements, in which the stator<winding is isolated from the power system |and
h separate power supply is employed to energize the winding;

b) on-line measurements, in which the rotating machine is operating normally and conne¢ted
o the power system.

detgiled discussion of PD off-line ‘testing is provided in IEC/TS 60034-27, whereas this tgch-
nicdl specification is confined(to on-line techniques. The approach to deal with PD on- [and
off-ljne measurement techniques in two different technical specifications is considered neg¢es-
sary to render each specification sufficiently concise to be of use by non-specialists in| the
field of PD measuremént.

Botgx of these approaches have adwvantages and disadvantages with respect to one anothdr. A

PD pn-line measurements are recorded with the rotating machine experiencing all of the|op-
erating stressés; thermal, electrical, environmental and mechanical. On-line PD testing |has
the following advantages:

— {he woltage distribution across the winding is the same as during operation;

— he measurements are made at operating temperature:;

— normal mechanical forces are present.

Due to the realistic stress impact on the winding during measurement and due to the fact that
the measurement is performed during normal operation, on-line PD testing has become very
popular. Since no service interruption is required, once the PD sensors are installed during a
scheduled unit outage, and no external power source is needed, on-line testing is usually cost
effective compared to off-line PD measurement. Condition changes of the stator winding insu-
lation system can be identified and evaluated at an early stage based on a real-time condition
assessment and thus condition-based and predictive maintenance strategies can be im-
proved.

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

This technical specification does not deal with online PD measurements on converter driven
electrical machines because different measuring techniques are needed to distinguish be-
tween noise from the converter and PD from the winding. For this purpose IEC/TS 61934 may

apply.

Lim

itations

On-
mer
that
For

estdg
limif

Use

windling insulation can be estimated.using any PD quantity, even in combination with o

eleg
patt
tive

Nois
PD
er p
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ine PD tests on stator windings produce comparative, rather than absolute meas
ts. This creates a fundamental limitation for the interpretation of PD data, and)img
simple limits for allowable PD cannot be established unless many precautions ate ta

blished unless many precautions are taken. The reasons for the difficulty fo set absg
s for PD include:

[here are many types of PD sensors as well as recording and\analyzing instrumeg
Senerally they are incompatible and will produce different results for the same PD acti

Even with the same measuring system, partial discharges. will interact with the win
capacitance, inductance and/or surge impedance to produece different voltage and cun
pulses. Thus PD measurements from machines with different ratings and/or winding

hections may produce different PD results, even though the actual amount of damage

be the same.

Different types of defects can produce different” PD magnitudes, even with the s
hmount of damage.

he PD sensor, it will produce a smallerfesponse at the PD sensor due to attenuation.

trical tests. Also, determining(the root cause of an insulation deterioration process u

although the technology.is-evolving rapidly.

measurements. (Cross-coupling of PD and noise on one phase can obscure PD on an
hase. With séme measuring systems, this can make objective interpretation of the
Its difficult.

latign-srelated problems in stator windings can be detected by measuring partial disch
insulation failures involving continuous leakage currents due to conductive paths
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ure-
lies
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the same reasons, PD acceptance criteria for new or rewound stator windings cannof be
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ROTATING ELECTRICAL MACHINES -

Part 27-2: On-line partial discharge measurements on the stator
winding insulation of rotating electrical machines

1 Scope

Thig part of IEC 60034, which is a technical specification, provides a common basis for,

— measuring techniques and instruments;

— {he arrangement of the installation;

— normalization and sensitivity assessment;

— neasuring procedures;

— noise reduction;

— {he documentation of results;

— the interpretation of results;

with| respect to partial discharge on-line measurements_on the stator winding insulation of
nontconverter driven rotating electrical machines with rated voltage of 3 kV and up. This
technical specification covers PD measuring systems*and methods detecting electricall PD
signals. The same measuring devices and procedures can also be used to detect electfical
sparking and arcing phenomena.

NOTE The main differences between on-line measurements and off-line measurements are due to a different
voltage distribution along the winding and various thermal and mechanical effects related to the operation| like
vibration, contact arcing or temperature gradients'between stator copper and stator iron core. Furthermore, gspe-
cially for hydrogen-cooled machines the gas;afd the gas pressure is different for off- and on-line PD meagure-
ments.

2 |Normative references

The|following documents, in whole or in part, are normatively referenced in this document|and
are [indispensable for-its* application. For dated references, only the edition cited applies.|For
undpted references, the latest edition of the referenced document (including any amend-
merjts) applies.

IEC|60270:2000, High-voltage test techniques — Partial discharge measurements
IEC|TS60034-27, Rotating electrical machines — Part 27: Off-line partial discharge measpre-
ments-on-the stator winding-insulation of rotating electrical machines

3 Terms and definitions

For the purposes of this document the general terms and definitions for partial discharge
measurements given in IEC 60270 apply, together with the following.

3.1

off-line measurement
measurement taken with the rotating machine at standstill, the machine being disconnected
from the power system

Note

1 to entry: The necessary test voltage is applied to the winding from a separate voltage source.
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3.2
on-line measurement
measurement taken with the rotating machine in normal operation

3.3
periodic on-line PD measurement
on-line PD measurement performed on the machine at regular intervals

3.4
continuous on-line PD measurement
on-lipe—PRB—reasurement—performed—on—the—machinre—with—a—measuring—deviee—eontrvously

acqtiring PD data

3.5
strgss control coating
pairlt or tape on the surface of the groundwall insulation that extends beyond the condugtive
slot|portion coating in high-voltage stator bars and coils

Note|1 to entry: 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 pqrtion
coatipg to provide electrical contact between them.

3.6
conFuctive slot coating

congluctive paint or tape layer in intimate contact with the groundwall insulation in the |slot
portjon of the coil side, often called ‘semiconductive’ coating

Note| 1 to entry: This coating together with adequate slot’design provides electrical contact to the stator fore,
withqut shorting the core laminations.

3.7
corpna discharge
visilple partial discharge adjacent to thersurface of a conductor in gases

3.8
sloff discharges
disdharges that occur between the outer surface of the slot portion of a coil or bar and|the
groynded core laminations due to high voltage

3.9
vibrjation sparking
intefrupted surface currents between the outer surface of the slot portion of a bar and|the
groynded ceré. laminations due to axially induced voltages on the conductive slot codting
combined.with bar vibrations

3.1(
internal discharges
discharges that occur within the insulation system

3.1

surface discharges

discharges that occur on the surface of the insulation or on the surface of winding compo-
nents in the winding overhang or the active part of the machine winding

3.12

pulse magnitude distribution

number of pulses within a series of equally-spaced windows of pulse magnitude during a pre-
defined measuring time
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3.13

pulse phase distribution

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

3.14

phase resolved partial discharge pattern

PD distribution map of PD magnitude vs. a.c. cycle phase position, for visualization of the PD
behaviour during a predefined measuring time

3.1§
PD kensor
gengral type of transducer, which can be used to detect PD signals from the machine windjing

Note| 1 to entry: A PD sensor typically consists of a high voltage coupling capacitor of low inductan€e design and
a low voltage coupling device in series.

3.16
coupling device
usuglly an active or passive four-terminal network that converts the¢nput currents to output
voltage signals

Note|1 to entry: These signals are transmitted to the measuring device by ‘a“transmission system. The frequency
resppnse of the coupling device is normally chosen at least so as to effigiently prevent the test voltage frequency
and its harmonics from reaching the measuring device.

3.17
resistance temperature detector
RTL
temperature detector inserted into the stator winding, usually between the top and bottom|bar
or between embedded coil sides in a given.slot

3.18
lardest repeatedly occurring PD magnitude Q,,
the Jargest magnitude recorded by.a measuring system which has the pulse train responge in
accordance with 4.3.3 of IEC 60270, or the magnitude associated with a PD pulse repetition
rate| of a specified number of\pulses per second, which can be directly inferred from a pllse
magnitude distribution.

Note|1 to entry: A recomimended pulse repetition rate is 10 pulses or more per second.
4 |Nature of PD in rotating machines

4.1 Basics of PD

Genercadlly, partial discharges (PD) can develop at locations where the dielectric propertigs of
insutating materats are mhomogeneous. At suciT tocations, the focal efectricat fiefd—strength
may be enhanced. Due to local electrical over-stressing this may lead to a local, partial
breakdown. This partial breakdown is not 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 exceeds the dielectric strength of
the insulating material. This process may result in numerous PD pulses during one cycle of
the applied voltage.

The amount of charge transferred 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 pres-
sure, etc.
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Stator winding insulation systems for high voltage machines will normally have some PD ac-
tivity, but are inherently resistant to partial discharges due to their inorganic mica compo-
nents. However, significant PD in these machines is usually more a symptom of insulation
deficiencies, like manufacturing problems or in-service deterioration, rather than being a di-
rect cause of failure. Nevertheless, depending on the individual processes, PD in machines
may also directly attack the insulation and thus influence the ageing process. The time to fail-
ure or failure probability may not always correlate with PD levels, but depends significantly on
other factors, for example operating temperature, wedging conditions, bar vibrations, degree
of contamination, etc.

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 insulgtion
defitiencies caused by thermal, electrical, ambient and mechanical ageing factors in.sefVice,
whi¢h might result in an insulation fault.

The|main differences between on-line measurements and off-line measurements are due o a
diffgrent voltage distribution along the winding and various thermal and mechanical effgcts
related to the operation, like vibration, contact arcing or temperature gradients between stator
copper and stator iron core. Furthermore, especially for hydrogen-cooled machines the [gas
and|the gas pressure is different for off- and on-line PD measurements.

4.2| Types of PD in rotating machines

4.2 General

Pal:lial discharges may develop throughout the stator-winding insulation system due to spgcif-
ic manufacturing technologies, manufacturing deficiencies, normal in-service ageing, or|ab-
normal ageing. Machine design, the nature of the® materials used, manufacturing methods,
operating conditions, etc. can profoundly affeet.the quantity, location, characteristics, evolu-
tion|and the significance of PD. For a given machine, the existing PD sources may be identi-
fied|and distinguished in many cases by their characteristic PD behaviour.

4.2.p Internal discharges
4.2.p1 Internal voids

Althobugh manufacturing processes are designed to minimize internal voids, inevitably thefe is
sonle void content. For_ example in a resin impregnated mica tape insulation system, that is
commonly used in high.voltage rotating machines, the mica in the insulation system prevents
the |partial discharges from developing into a complete breakdown. As long as internal vpids
are pmall and do net'significantly enlarge, operational reliability is not reduced.

4.2.p.2 Internal delamination

Intefnal(detamination within the main insulation can be caused by imperfect curing of the insu-
latign system during manufacturing or by mechanical or thermal over-stressing during opera-
tion—targevoids mmay devetop over atargesurface resuttingmdischarges of retativety 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, delamination needs careful consideration when PD activity is being
assessed.

4.2.2.3 Delamination between conductors and insulation

Thermal cycling may cause delamination at the interface of the conductor and the main insu-
lation. This delamination can result in partial discharges which can relatively rapidly result in
failure especially in multi-turn coils.
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4.2.2.4 Electrical treeing

Electrical treeing in machine insulation is an ageing process in which fine erosion channels
propagate through the epoxy around the mica barriers and may finally lead to electrical
breakdown of the main insulation. Electrical treeing can start at any point of locally enhanced
electric field within the insulation, e.g. rough structures of the inner conductor, insulation im-
purities, gas filled voids or delaminations in the insulation. This process is associated with
internal partial discharge activity.

4.2.3 Slot discharges

Slof] discharges in high voltage machines will develop when the conductive slot portion-cloat-
ing |s damaged due to bar/coil movement in the slot or slot exit area, for example by a\oss of
wedging pressure due to settlement, erosion of the material, abrasion, chemicalyattack or
marjufacturing deficiencies. Higher discharges will develop when serious mechanical damjage
is already present, which may result in additional damage to the main insulation and evenfual-
ly ip an insulation fault. Slot discharges are generally caused by locally enhanced elegtric
fields, and thus these processes occur only at the higher voltage end of \each phase. [The
absoplute time between detection of this phenomenon and final insulation-failure is genetally
unkphown. However, compared to other typical deterioration effects this\time could be relafive-
ly short, especially in the presence of bar/coil vibrations. Thus, retiable detection at an garly
stade is necessary to decide if appropriate remedial actions are required.

4.2, Discharges in the end-winding
4.2.41 General

Parfial discharges in the end-winding area may occdr at several locations with high local glec-
tric field strengths. Such discharges usually occurat interfaces between different elemenis of
the ptator winding overhang.

4.2.4.2 Surface discharges

Surface discharges generally occur whenever the electrical field along a surface exceeds|the
bregkdown field of the surrounding.gas. This may occur if no stress control coating is apglied
or the stress control coating of-the end-winding becomes ineffective because of poorly|de-
signled interfaces, contamination, porosity, thermal effects, etc. When reliable field grading is
no Ipnger assured surface ‘discharges will develop, which may gradually erode the mater|als.
Thig is normally a very slow failure mechanism, even though the PD behaviour might be $ub-
jected to relatively fast'changes due to surface effects. Surface discharges usually result|in a
phage to ground fault:

4.2.4.3 Phase to phase discharges

PD may occur between phases, for example due to inadequate phase to phase clearancefs or
at e ements of the overhang support system like spacers or cords. Dependmg on specific|de-

i ] ace
dlscharges or mternal dlscharges and thus the t|me between detect|on of th|s phenomenon
and final insulation failure is uncertain. Phase to phase discharges may result in a phase to
phase breakdown.

4.2.5 Conductive particles

Conductive particles, especially small particles, for example due to contamination of the wind-
ing, may result in a strong local concentration of partial discharges. This may result in a ‘pin-
hole’ in the insulation.
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4.3 Arcing and sparking
4.31 General

In contrast to the types of PD described in 4.2, which are caused by locally enhanced electric
fields, arcing and sparking phenomena occur due to interruption of currents resulting from the
magnetic flux within the stator core. These processes involve higher energy and tempera-
tures, which leads to a faster degradation of the insulation materials. Arcing and sparking lead
to transient pulses, which can also be detected by PD measuring systems.

4.3.2 Arcing at broken conductors

Broken conductors, resulting from mechanical vibrations, may lead to intermittent contpcts
and|consequently to arc formation.

4.3.8 Vibration sparking

Du€ to the magnetic field in the stator core parasitic surface currents will’flow axially along
the ponductive slot coating of a bar. In case the bar vibrates, these currents may be interrupt-
ed 3t a contact point to the core iron, and the interruption of this current’will form an arc to the
corg. If the resistance of the conductive coating is too low, the current will be of significant
magnitude and the resulting arc can damage the groundwall insulation by an erosion procgss.
Thig so called vibration sparking, which is a relatively fast detersioration mechanism, may| oc-
cur jat any point of the winding and thus also at low potentialssites, for example close to| the
neutral of the winding.

5 |Noise and disturbance

5.1 General

An |mportant challenge with on-line PD \measurement is separating stator-winding PD from
eledtrical noise or disturbances. In coptrast to properly set-up off-line PD tests, in most|on-
line|tests electrical disturbance pulses will often be present, and these disturbance pujses
may| be more frequent and of larger magnitude than the stator winding PD pulses, also|the
signals may be phase-locked to.the AC power frequency voltage. If the disturbances are| not
adefuately suppressed, or the-test technician is not able to adequately identify what is a|dis-
turbpnce and what is stator_PD, there is a great risk that the disturbance will be classed as
statpr PD. Consequently the stator may be identified as having serious insulation problgms,
wheln in fact the insulation may be in good condition. If too many ‘false positives’ occur, confi-
dente is lost in thetest, and future testing may not be routinely done, losing the benefit off on-
line|PD testing.

5.2 Noise and disturbance sources

Conssistent with IEC/TS 60034-27, noise is defined to be non-stator winding signals that clear-
ly afennot pulses. Noise may be due to electronic devices within the PD detection systerﬁ it-
self, for example thermal noise from semiconductive devices. Noise can also be from radio
stations, radio transmitters, mobile telephones, power line carrier signals, etc. This noise is
easily separated from pulse-like signals either visually on an oscillographic display or with the
use of filters. Thus it is not considered further in this technical specification.

Disturbances are electrical pulses of relatively short duration that may have many of the char-
acteristics of stator winding PD pulses — but in fact are not stator winding PD. Some of these
disturbances are synchronized to the AC cycle, and some are not. Sometimes synchronized
disturbance pulses can be suppressed based on their position with respect to the AC phase
angle.

Examples of synchronized disturbances are:
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a) Partial discharges caused by e.g. electrostatic precipitators or bushing discharges

b) Power tool operation such as from arc welding and commutator sparking (may also be
unsynchronized)

c) Transients caused by power electronics, for example converter fed motors or excitation
systems. This disturbance may also be unsynchronized to the AC cycle

d) Poor electrical connections (leading to contact sparking) on the bus or cable connecting
the rotating machine to the power system

e) Poor electrical connections elsewhere in the plant that lead to contact sparking

f) PD_in other apparatus connected to the motor or generator terminals, for example output
bus, power cable, switchgear and/or transformers

g) Arcing or sparking sources within the motor or generator, such as stator core lamingtion
Eparking

Examples of non-synchronized disturbances are:

h) Power tool operation (arc welding and commutator sparking)

i) Transients caused by power electronics, for example converter fed\motors or static excita-
ion systems

j) Blip ring sparking on the machine rotor
k) Pverhead crane power rail sparking

All pf these disturbances create electrical pulses that the unwary may confuse with stator
windling PD. With disturbances d), e), f), and g), the operator normally wants to know if quch
actiyity is occurring, because it may indicate otheryproblems (beyond stator insulation pfob-
lems$) that may lead to equipment failure. Thus seme users may not class these example$ as
a dipturbance, but rather as signals to be identified.

ods| have been developed to help usefs to manually and/or automatically separate stator
windling PD from disturbances. Many of the commercially available methods use one or more
of the methods identified below.

To feduce the risk of false indications of the stator winding insulation condition, many r:Fth-

5.3| Frequency domain separation

The|Fourier transform of an individual PD pulse will contain frequencies from DC up to several
hunfired megahertz, ,ifithe PD sensor is in close proximity to the PD source. Many types of
disturbances produce-pulses, but the frequency content of the pulses at the PD sensor may
be Ipwer than stator’winding PD. For example, sparking caused by poor electrical contacts or
PD )n other apparatus that is remote from the machine under test, often produce frequengies
up fo just a-few megahertz. Thus one method of separating PD from disturbances is to|use
analogue-<or digital filters that preferentially respond to pulses in specific frequency ranges.
The| PDimeasuring system (sensor and detection electronics) will be described as having a
Iowefr cut-off frequency and an upper cut-off frequency. Typical frequency ranges for oniline
PD measuring systems according to Clause b are in the high frequency range (HF: 3 MHz to
30 MHz), in the very high frequency range (VHF: 30 MHz to 300 MHz), or in the ultra high
frequency range (UHF: 300 MHz to 3 GHz). When using measuring systems in the low fre-
quency range (LF: below 3 MHz), the lower frequencies will be subject to the significant influ-
ence of power line carrier, converter fed motor switching and excitation system disturbances,
which need to be suppressed.

Generally, the higher the upper cut-off frequency of the PD detection system, the greater will
be the signal to noise ratio, and thus the lower will be the risk of false indications. However,
the higher the lower cut-off frequency, then the lower is the likelihood of PD being detected
that is remote from the sensor. Assuming the PD sensor is located at the high voltage termi-
nals of the stator winding, a low frequency range PD system will be sensitive to PD in more
coils than a high frequency range PD system. Note however that in on-line PD testing the
coils near the high voltage terminal are the only ones likely to have high levels of PD activity,
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since the voltage is higher than for coils remote from the terminals. However, other sparking
and arcing phenomena, which may significantly damage the insulation, can also be detected
by PD measuring devices and can occur throughout the winding even at low potential sites
close to the neutral.

5.4 Time domain separation

In some on-line PD monitoring systems, PD is separated from disturbances on the basis of
time domain characteristics. Two types of time domain separation systems have been em-
ployed:

— Pulse shape analysis
- ime of pulse arrival

Both types can only be used with a high bandwidth detection system.

Pulge shape analysis is the time domain analogy of filtering. It is predicated on specific {ime
domain pulse characteristics such as rise-time and decay-time. For example, a PD senpsor
locdted close to the source of the stator PD may result in a detected fise-time that is shqrter
than a specific time, whereas certain kinds of disturbances (types‘@) to k) in 5.2) may be
characterized by a longer rise-time. Digital circuits can separatesstator PD from such disturb-
ance sources by measuring the rise-time. Generally, the further the PD or disturbance solirce
is from the PD sensor, the longer will be the rise-time of the detected pulse, since series in-
ductance and/or the travelling wave phenomena called dispersion (frequency dependent| ve-
locify) tends to suppress the higher frequency components)of a pulse.

Disturbance suppression using the time of pulse afrival method requires at least two PD sen-
sorg per phase to be installed on bus or cable connecting the motor or generator to the pgwer
system. This method depends on the time it takes an individual disturbance or PD pulsg to
travel along the power cable or bus.

External

PD noise  power system
_/\_ 3 Delay R < A_

4 L
Motor or
generator T T

Same
L|1 D length ~ " e L|1
[ v s |

PD measurement instrument

IEC 446/12

Figure 1 — Time domain disturbance separation by time of pulse arrival

As shown in Figure 1, pulses from the power system will arrive at “System” sensor (S) before
it will arrive at the ‘Machine” PD sensor (M). The difference in the arrival time at each sensor
depends on the distance between the two sensors, and the propagation velocity of the pulse
along the bus or cable. Digital logic notes the relative time of arrival and categorizes the pulse
as being from the power system, and thus assumed to be a disturbance. Similarly a pulse
from the stator winding is assumed to be PD if the machine sensor detects the pulse before
being detected by the system sensor. Note this separation method is only effective if the
pulse arriving first at the machine sensor is stator PD, and not disturbances such as from slip
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ring sparking (type j) or other sparking within the machine (type g). Simultaneous measure-
ments at the two sensors are needed.

5.5 Combination of frequency and time domain separation

Time and frequency domain characteristics can also be combined to separate disturbance
pulses from stator winding PD. Time and frequency domain separation can be developed
through a pulse shape analysis to produce a so-called “TF” map that plots the equivalent time
length of the pulses versus their equivalent frequency content. The frequency content is nor-
mally calculated by a fast Fourier transform.
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Higure 2 — Combined time and frequency . domain disturbance separation (TF-map)

In g plot of the time domain versus frequency domain characteristics according to Figufe 2
distuirbances will often appear as a cluster of pulses that is in a position, which is distinctly
diffgrent from stator winding PD, and.:¢an thus be identified and suppressed from the PD pat-
tern

5.6 | Gating

Cerfain types of disturbances such as those from a static excitation systems (type c) produce
distyrbance pulses thatiare either phase-locked to the power frequency, or the timing off the
distyrbances can be'obtained from an external source (such as a converter fed drive). In quch
casg¢s, trigger circuits can be incorporated that predict when the disturbance will occur which
then will open.a:gate to prevent the signal from the PD sensor at the time of the disturbgnce
from being celinted as stator PD.

For |example, thyristor-based static excitation systems produce a disturbance from the dom-
muthtion pulses, with a strong frequency component around 10 kHz. A filter which is sensjtive
to this T0 kHz componenti can be used to frigger a digital circuit that produces a "gate” signal
whenever a thyristor pulse is detected. This gate signal can be used to prevent counting of
any pulses that occur for the duration of the thyristor pulse. Some user knowledge is needed
to set the trigger threshold and how long the gate is “open”. When the gate is “open”, legiti-
mate PD pulses will also not be registered.

Gating can also be used to prevent radiated disturbances from being registered as PD. An
antenna can be used to detect severe radiated disturbances. The antenna signal can be pro-
cessed by filters and threshold detectors to produce a gate signal whenever a disturbance in
certain frequency ranges above a set threshold occurs. Since this same radiated disturbance
may also be detected by the PD sensor, the signal from the PD sensor can be interrupted
whenever the gate is triggered. Some expertise is usually required to set the thresholds and
since the disturbances transmission may change over time it is more appropriate for periodic
monitoring systems.
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5.7 Pattern recognition separation

Pattern recognition is the most fundamental means of separating PD from disturbance pulses.
There are two basic approaches to pattern recognition: manual and automatic.

In the manual method, the output of the PD sensor is displayed for example on a digital oscil-
loscope or a purpose built PD instrument. The display may show the positive and negative
pulses, the position of the pulses on the AC cycle, as well as the magnitude of the pulses (see
Figure 8 in Clause 10). As described in Annex A, PD pulses occur in specific parts of the AC
cycle, with particular polarity relationships relative to the AC cycle. Some types of disturb-
ances will produce pulses that occur in different parts of the AC cycle, or will appear across
the fentire AC cycle. In addition they may have pulse polarity relationships that may becdiffer-
ent from stator winding PD. An experienced observer can often recognize stator PD as.d|dis-
tinc{ pattern from various types of disturbances. Examples include static excitation-inteffer-
ence (type c) that occur every 60 degrees across the AC cycle, and can easily be ignored by
an g¢bserver of the display. Similarly, poor electrical contacts tend to produce/pdlses withjin a
few|degrees each side of the voltage zero crossings. Clearly, the more experience the|ob-
server has, the more likely that PD and disturbances will correctly be identified. This mahual
appfoach to pattern recognition is somewhat subjective, and different chservers may comge to
diffgrent conclusions.

Automated (or computer-aided) pattern recognition is a rapidly-evolving field of investigafion.
A nyimber of pattern recognition methods have been applied to‘separate PD from disturbarjces
and|indeed separate various failure processes from onecandther. Some of the methodg in-
clude:

— Ptatistical analysis of the distribution of pulses with respect to AC phase position, e.g|the
mean, standard deviation, skew and kurtosis.of‘the phase angle for positive and negdtive
pbulses. Stator winding PD will likely have djfferent statistical moments than some types of
jisturbances.

— Artificial intelligence driven pattern recognition analysis to replicate the thought procegses
bf an expert who manually distinguishies PD from disturbances.

— Time-frequency transforms, combined with cluster recognition methods and fuzzy logic to
Eeparate and to identify pulses)associated with different failure processes and typep of
jisturbances.

ratel PD from disturbances-in a more objective manner than can be obtained by manual meth-
ods| However the effectiveness of any particular method depends on the specifics of fheir
implementation.

Thepe and other computertaided pattern recognition methods have found application to sta-

6 |[Measuring techniques and instruments

6.1 General

Generally, the measuring principles for partial discharges can be based on the energy con-
version processes associated with the discharge, such as the emission of light, acoustic sig-
nals, electromagnetic waves, or formation of chemical reactions. However, this clause deals
solely with electrical methods of measuring partial discharges because the electrical meas-
urement of partial discharges is the most commonly used method of assessing the condition
of the winding insulation of rotating machines. The electrical measurement can be carried out
by using PD sensors detecting the conducted pulse signal components, or by using antennae
detecting the electromagnetically radiated components of the pulse signals.

Partial discharge measuring systems can be divided into subsystems: PD sensor including the
signal transmission system and measuring device, both of which significantly influence the PD
measuring results. Selection of sensors, instrumentation and measuring technique is deter-
mined by the expected measurement parameters, which will be used for further analysis and
interpretation of measurements.
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6.2 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 windings represent objects with distributed elements in which travelling wave, com-
plex capacitive and inductive coupling, and resonance phenomena occur. Therefore, PD pulse
propagation phenomena 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 rec-
orded at the location of the installed PD sensor differ from those at the point where it origi-
nates. With that in mind, the following points are very important for the measurement and
subsequent interpretation of PD measurements taken on rotating machines:

— the transmission function from the PD source to the PD sensor is unknown and depgnds
bn the specific design of the machine which determines the frequency response_df'the [sta-
or winding. Therefore, the energy at the source of the PD cannot be measured -directly];

— the individual high frequency transmission behaviour of a stator winding produces PD [sig-
hals at the location of the installed PD sensor that are a characteristic of ,the machine|be-
ing tested and of the location of the PD source;

— {he very high frequency components of the PD signals are subject*te’ considerable atten-
hation when travelling through the winding and, depending on théJorigin of the PD, nlight
not be detectable at the location of the PD sensor.

As & 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| PD
sengor and measuring device, will significantly influence(the characteristics of the PD signal
detgcted from the winding.

6.3 | Signal transfer characteristics

Figuyre 3 shows schematically the frequency response of an idealized PD pulse at the origin of
the [PD within the winding (upper cut-off<frequency f,pp,) and the idealized frequency| re-
spofse at the terminals of the machine (upper cut-off frequency f pp;) after travelling from| the
PD pource through the winding to the.teérminals. Due to considerable attenuation of very high
frequency components, the upper cut-off frequency of the PD signal arriving at the termipals
(fuppt) Will be significantly lower than that (f,pp,) of the original PD pulse.

The| PD measuring system{_including PD sensor, measuring leads and measuring instrumlent,
shows band pass filter,characteristics having specific lower and upper cut-off frequendies,
maiply depending on-the specific design of the PD sensor and the input impedance of|the
medsuring device. n-Figure 3 three examples a), b) and c) are shown for different frequancy
resgonses of PDymeasuring systems. For commercially available systems the cut-off freqlien-
cieg, and thus~the measuring bandwidth of the system, may vary over a wide range of|fre-
quencies. The\characteristic frequency response of the complete measuring system has a
congiderable”impact on the overall sensitivity of detection and the properties of the signal
used for further analysis and interpretation.

It should be noted that Figure 3 only describes the fundamental relationships by showing ide-
alized curves. Depending on the winding design and the measuring arrangement used, in
practical cases there may be several effects that will influence the exact shape of the fre-
quency response curves and therefore may also influence PD results, e.g. resonance phe-
nomena in the frequency range of the PD measuring system, which are not shown here.

For PD on-line measurements on rotating machines the following typical frequency ranges for
the complete PD measuring system can be defined:

a) In the low frequency (LF) range a typical bandwidth of about 1 MHz, or a few hundred
kHz according to IEC 60270, is used, with lower cut-off frequencies of usually above
100 kHz and upper cut-off frequencies usually below 3 MHz. Measurement in that fre-
quency range ensures good sensitivity not only for partial discharges in bars/coils close to
the PD sensor but also for those that originate from further away in the winding. However,
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the low frequency range is severely subjected to noise and disturbance, which is especial-
ly present during on-line measurements (see 5.2). Therefore special procedures for noise
and disturbance separation are needed.

A PD measuring system working in the low frequency range basically detects the constant
part of the PD pulse frequency response, assuming the stator winding has no resonant
frequencies in the measurement frequency range. Since the upper cut-off frequency of the
detection bandpass is significantly lower than the upper cut-off frequency of the pulse fre-
quency response, the detected PD pulses are directly proportional to the apparent charge
of the PD current pulse (principle of “quasi-integration”). However, the pulse shape of the
bandpass output signal is determined by the low frequency bandpass characteristics.
Since the nriginal ehnlnn of the PD pnlcn nrri\/ing at the sensor location is laost when ||;ing
ow frequency bandpass systems, a separation of disturbance signals by pulse (shape
hnalysis or time domain separation is limited.

n the high frequency (HF) range a typical bandwidth of 3 MHz to 30 MHz s used. [The
ower cut-off frequencies may also be tuned well below 1 MHz to ensure good sensitjvity
or PD throughout the winding. However, often lower cut-off frequencies above 1 MHZz| are
Ised to efficiently suppress typical disturbance signals that are present in the low|fre-
juency range.

PD detection in the high frequency range is less susceptible to ngise and disturbance |and
can be efficiently used to characterize the PD pulses arriving dat-the PD sensor by theif in-
jividual pulse shape and thus being able to discriminate between different PD sources| ac-
cording to their signal shape. In the case where the uppenr.cut-off frequency of the detec-
ion system is well above the upper cut-off frequency of\thé PD signal arriving at the Ipca-
ion of the PD sensor, the bandpass output signal will-display the PD pulse shape but| will
no longer be directly proportional to the apparent charge of the PD pulse. Thus, PD regults
[n the high frequency range are usually expressed in terms of voltage [mV]. Effidient
methods of frequency and time domain disturbance separation can be applied accorfing
o Clause 5.

n the very high frequency (VHF) range a typical bandwidth of a few hundred MHz is
Ised with lower cut-off frequencies of typically 30 MHz and upper cut-off frequencies up to
he 300 MHz range. As shown in Figure 3 the frequency response of such systems s%ws
h pronounced overlap with the frequency response of the original PD pulse and therefore
measurements in the very high-{frequency range ensure a good sensitivity to signals ofrigi-
hating closer to the PD sensor-The PD sensor should be installed at the high voltage|ter-
minals and thus close to the,coils/bars experiencing the highest electrical stress within the
vinding. The very high(frequency range also provides a good signal to noise ratio and is
herefore less susceptible to noise and disturbance. Because the upper cut-off frequency
bf the detection system is well above the upper cut-off frequency of the PD signal arriying
ht the location ofithe PD sensor, the measured signal will display the PD pulse shape| but
vill no longer be’ directly proportional to the apparent charge of the PD pulse. Thus,|PD
esults in the-very high frequency range are usually expressed in terms of voltage [mV].

PD detection in the VHF range ensures a very short pulse resolution time since the shape
pf theworiginal very short PD current pulse can be detected. Therefore, efficient methods of
ime\and frequency domain disturbance separation such as time-of-pulse arrival, pllse
shape analysis and TF maps can be applied according to Clause 5.

In the ultra high frequency (UHF) range lower cut-off frequencies of typically 300 MHz
and upper cut-off frequencies of up to 3 GHz are used. PD sensors working in that fre-
quency range are antennae, which detect electromagnetically radiated pulse signals. The
signal energy detected by these sensors and thus the sensitivity of PD detection mainly
depends on the specific location of the antenna, the distance between the antenna and the
PD source and the bandwidth of the detection system. In general, the closer the antenna
is located to the specific PD sources the better will be the sensitivity of PD detection.
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Figure 3 — Idealized frequency response of a PD pulse at the PD source and
at the machine terminals; frequency response of different PD measuring systems:
a) low frequency range, b) high frequency range, c) very high frequency range
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NOTE The upper cut-off frequency of the PD arriving at the terminal (sensor) f .5, may significantly vary, depend-
ing on the distance between the PD sensor and the PD source. A small distance will result in a higher cut-off fre-
quency, a large distance will result in a lower cut-off frequency due to attenuation phenomena.

Therefore in case b) and especially in case c) the measuring system shows good sensitivity to PD sources closer
to the sensor, depending on the lower cut-off frequency of the bandpass filter and the overlap of the frequency
responses of the bandpass filter and the PD signal at the sensor location.

6.4 PD sensors

6.4.1 General

In prin ) ignals. In
the [case of conducted PD S|gnals a separate capamtance is used to detect the PD signa| ar-
rivirlg at the location of the installed PD sensor. The electromagnetically radiated pulse\signal

is attenuated, due to various screening effects by machine components as iron|core with
slotg, conductive coatings, etc. Thus the location of the antenna, the distance to the| PD
soufce and the specific bandwidth of the detection system significantly influence the detedtion
sensitivity.

6.4.p Design of PD sensors

PD psensors, which detect conducted pulse signals typically consist)of a high voltage cagaci-
tange and a low voltage coupling device in series.

As geparate capacitance the following arrangements can be used:

— existing surge capacitor;
— additional coupling capacitor,;
— tapacitance of connecting cables.

In order to form a PD sensor these capacitances can be used together with the following ¢ou-
pling devices, designed for an appropriaté frequency response:

— RLC networks;

— ¢urrent transformers including‘isolation transformers and Rogowski coils.

Depending on the specific design current transformers can be used on the low or high volfage
sidg. Those PD sensors, which are designed to work in the low frequency range usually pro-
vidg a good sensitivity.not only for partial discharges in bars/coils close to the sensor but also
for those that originate)from further away in the winding. Whereas PD sensors that work in| the
very high frequency range provide a good sensitivity for PD close to the sensor.

PD sensors,~which detect electromagnetically radiated pulse signals are typically antennae,
whi¢h proyvide a characteristic sensitivity significantly depending on their place of installgtion
and|their specific frequency response function.

As PD sensors the following devices can be used:

— antennae specifically designed for PD measurements, such as stator slot couplers;

— slot RTD leads already installed in the stator winding;

— patch or microstrip antennae installed at specific locations of the machine housing.

PD sensors that act as antennae are usually designed to work in the very high and ultra high

frequency ranges. These sensors need to be installed as close as possible to that part of the
winding, which may be most exposed to critical PD activity.

It is recommended that the technical data sheet provided with the PD sensor should contain
the frequency response curve of the PD sensor.
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6.4.3 Reliability of PD sensors

PD sensors used for on-line PD monitoring are usually permanently installed on the machine.
It is essential that the PD sensors themselves do not cause the failure of the stator winding.
Normally inductive PD sensors such as used on the ground leads of power cables or surge
capacitors will have no impact on stator reliability. Stator slot couplers and RTD leads mount-
ed outside the PD suppression coatings or patch/microstrip antennae installed inside or out-
side the machine housing do not pose a risk. However, special purpose PD capacitors con-
nected to the high voltage leads in a stator winding may pose a risk for a phase to earth fault.
Thus such capacitive PD sensors should:

DL

-  aveaPDextmctiomrvottage(PBDEVfora—specifiedPBtevetof t0—pCgreatertham two
imes the phase to ground operating voltage, verified by appropriate routine testing;

— be AC over-voltage routine tested to at least the same voltage as the stator winding;

— bhave undergone voltage endurance type test at 2,17 times rated line to ling voltage of the
machine and not failed within 400 h;

— bhave a low dissipation factor that is stable with temperature up to the-maximum operdting
emperature of the stator winding, verified by appropriate type testing.

6.5| PD measuring device

The|electrical signals from the various types of sensors described in 6.4 can be measured|and
recqrded using various measuring devices. The type of measuring device used may depend
on the intended kind of further signal processing, analysis and interpretation. However, [it is
recgmmended to use a device which can, directly or by subsequent processing of the meas-
ured PD signals, provide at least a pulse magnitude~distribution, a pulse phase distribution
and|a phase resolved partial discharge pattern according to Clause 10.

The|PD measuring device typically consists of

— Input amplifier and frequency filter;

— signal processing unit, e.g. pulse shaping, sample and hold, digitizer;
— noise suppression;

— Yisualization and phase synehronization.

In order to fully exploit the.characteristics of the installed PD sensor, the frequency limits of
the Imeasuring device shall fit to the known frequency response of the installed sensof, to

achieve a desired resulting frequency response of the complete measuring system in one of
the frequency ranges-according to 6.3.

6.6 | PD measuring parameters
6.6.[ General

Various”PD measuring parameters can be used for the visualization, analysis and interpreta-
tion of on-line measurements. In order to be able to assess the actual condition of the stator
winding insulation, the used parameters should provide a sensitive means to characterize the
nature of the PD from the machine under test as well as the development of PD processes
over time when trending the machine condition by regular measurements.

6.6.2 PD magnitude

To evaluate the PD behaviour at least the PD magnitude g of each PD pulse should be meas-
ured and processed appropriately. The PD magnitude g of an individual pulse can be ex-
pressed in terms of voltage [mV] or in terms of apparent charge [nC], depending on the char-
acteristic frequency range of the PD measuring system. A basic conversion of PD magnitudes
measured in terms of voltage [mV] into charge [nC] and vice versa is usually not possible,
especially in the higher frequency ranges.


https://iecnorm.com/api/?name=f9f7d5f85efaa5dc78f88d5544fc034a

- 24 - TS 60034-27-2 © IEC:2012(E)

The measured magnitude of the PD, and Qm in particular, may depend on the specifications
of the recording instrument:

— In most digital PD instruments, when the pulse is detected, there is a “deadtime” during
which the instrument will not respond to any new pulses appearing on the input. The dead-
time is needed to digitize the pulse, determine its characteristics, and allow for any oscilla-
tions in the input pulse to decay to nearly zero. If a high magnitude pulse occurs during
the deadtime, it will not be recorded. This effect may lead to some high magnitude pulses
not being recorded, and Qm being in error.

— In most digital PD instruments there is a threshold below which pulses will not be record-
ed. This is normally to prevent triggering the instrument, with the associated deadtime, by
ow magnitude noise or disturbance that will inevitably be present. If the lower thresho|d is
et too low, the PD instrument will be almost continuously triggered, and the associated
jeadtime will prevent the recording of legitimate PD data. In contrast, setting)the Iqwer
hreshold too high will mean that PD below the lower threshold will not be recéirded.

— PD instruments that operate in the LF and HF frequency range may record) a magnitude of
he PD that is higher than actual. This is caused by the fact that two PD\pulses may o¢cur
ithin a short enough time that the first PD pulse has not decayed #00. This can lead to
superposition of the two pulses, resulting in the magnitude of the second pulses adding to
he magnitude of the first pulse. This is discussed in IEC 60270.

— |n digital PD recorders the operating magnitude range is segmented into magnitude Wwin-
jows which determine the magnitude resolution of the instrument. For example, if the in-
strument can measure over the range 0 to 1 000 mV, and there are 100 magnitude in-
jows, each magnitude window is 10 mV wide. The pulse counters in all digital instruments
end to measure the number of PD pulses per secand, per magnitude window. If the sgale
s changed, and for example the PD is measuredin the 0-2 000 mV range with 100 magni-
udes, the magnitude window is 20 mV. The result is that when the magnitude scale is
changed the number of pulses recorded may-increase if the magnitude window width ig in-
creased. Thus scale changes may affect the determination of Qm, especially if Qm fis a
small fraction of full scale.

6.6.B Additional PD parameters

When using digital PD measuring_ devices, the PD magnitude gq; is acquired for the train off PD
pulges for each individual PD event that occurs during the measuring time and the associated
instantaneous voltage u; at timie't; or the phase angle ¢ within the corresponding period of the
line|voltage. In each case| the measured values of PD are recorded with a suitable typg of
medsuring device and stored so that they can be analysed later by appropriate methods. This
ensyres that any additional derived PD parameters can be calculated afterwards on the bpsis
of the originally measured data.

When using mieasuring systems working in the HF or VHF range, additional time domain| pa-
ramgters, like)rise time, fall time or even the complete shape of each PD pulse can be m¢as-
ureq, inorder to subsequently apply special time and frequency domain analysis methpds,
e.g.|for,separating different PD sources.

7 Installation of PD on-line measuring systems

7.1 General
The components for on-line PD measuring can be installed in different extent. Depending from

this extent of installation periodic or continuous on-line PD measurements can be performed
(see 9.4 and 9.5).

7.2 Installation of PD sensors

Performing on-line PD measurements requires at least the installation of PD sensors in an
appropriate location. This can be inside the machine housing, the neutral point cubicle or
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close to the bus duct. The PD sensor type determines sensor location and installation proce-
dure.

For installation, commissioning, operation and maintenance of the PD sensors and its connec-
tion leads the supplier should provide adequate documentation. Installation and commission-
ing should be performed by skilled persons only.

If an additional component is connected between high voltage and ground (e.g. a high voltage
capacitor) it should meet the insulation performance requirements at the place of installation,
so that the insulation coordination of the system is not affected.

FurﬂZermore the component should not introduce an unacceptable electrical fault risk _to] the
system. On request, the supplier of the component should deliver information for-a_risk| as-
sessment, e.g. data from voltage endurance testing and failure statistics.

The|PD sensors should withstand the normal operating conditions at its place,of installatiop.

Metpllic parts should be of non-magnetic material to avoid heating bycthe effects of the mag-
netig field.

Forleach machine phase at least one PD sensor is recommended, that should be positigned
as ¢lose to the winding as possible. Optionally a PD sensaof.can be connected to the neltral
poirlt of the machine. At each phase a second PD sensofxmay be installed in some distgnce
awdy from the terminals to gather directional information of pulses.

For [the position, the mounting and the connection“of the PD sensors the following considgra-
tions are important:

— The PD sensor and its connection leads‘shall not compromise the stator and phase |bus
[nsulation performance and the required-clearances.

— The sensor mounting shall withstafid all operating conditions like temperature, vibrat|ons
hnd short circuit transients, as loosening or deformation may initiate an electrical fault.

— PD sensors that are directly connected to high voltage potential should not be placed ip an
environment with excessiVe contamination and humidity. Surface contamination may
cause leakage currents, eventually resulting in a surface tracking degradation or a pollu-
ion flashover.

— The PD sensor and‘its connection leads should not introduce partial discharge activity.
— The PD sensortand its connection leads shall not introduce induction loops.

— The connettions to the high voltage potential and to ground potential should be as short
hs possible and of low inductance. Special attention is required to the mechanical quplity
bf thesesconnections as they may become loose due to vibrations.

7.3 | \Outside access point and cabling

As the PD sensor locations due to health and safety restrictions are normally not accessible
during machine operation, an outside, unrestricted access point is recommended. The access
point should allow the connection and disconnection of the PD measuring device to the PD
sensor cables during machine operation without any risk for personnel and equipment. The
access point should include over-voltage protection means in order to reduce the maximum
voltage at its output to a safe level according to common technical rules and regulations, in
case of a failure in the measurement circuit.

As the cable may introduce an entry point for electromagnetic noise by coupling processes,
an appropriate degree of shielding and high quality connectors should be used. Due to con-
tinuous vibrations close to the machine all connections need to be of a mechanically robust

type.
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When the shield of a cable is grounded on both ends the shield establishes a ground loop,
which may result in high currents, damaging the shield. There are different methods known to
reduce such ground currents without compromising the shielding. The grounding design of the
cable shall consider the grounding design of the PD sensor output and of the PD measuring
device input.

Alternatively the PD information can be transferred via optical cable to the outside access
point.

With an outside access point a portable PD measuring device can be safely connected at any
tim g—eurirg—meachine—eperaten—eand—on-Hre—PB—signals—ean—be—acquired—Sueh—a—temporary
connection of a PD measuring device is sufficient for snapshot measurements at specifi¢ in-
tervpls and requires only one measuring device for multiple machine units per sitex This is
usuglly called “periodic PD measurements” (see clause 9.4).

7.4 | Installation of the PD measuring device

In ofder to perform a continuous PD measurement on a machine stator~a)PD measuring| de-
vicel needs to be permanently installed in addition to the PD sensorst T0 allow maintengnce
on ¢r exchange of the device during machine operation, the installation of an access pgoint
according to 7.3 is recommended too. Regarding the cable connéections the same considera-
tiong shall be taken into account as for the cables between the coupling units and the acgess
point.

Furthermore a communication connection may be required between the PD measuring deyice
and|a computer that transfers control and status information as well as PD data. Depengding
on the distances, the site layout and the disturbante situation a connection method should be
usedl, which operates reliable in the specific envitonment.

The|PD data are continuously stored in the(PD instrument or on the computer or any network
drivg if the computer is embedded in a distributed network.

Several PD measuring devices in a power plant, one for each machine, could be connegted
via p data network to a central computer station that allows the observation and analysis of
PD |activity in all machines from one place, for example the control room. However, other
typgs of communication links,;may be possible.

7.5| Installation of-operational data acquisition systems

In gddition to the PD data, operational data from the machine should be automatically|ac-
quired and stored together with PD data. Operational data, such as active power, readtive
power, winding temperatures, stator voltage and humidity of the cooling gas are of signifi-
cange for.the’assessment of the stator winding system based on PD data interpretation. [The
opefational data shall be linked to the PD data in the database or the PD data is transmitted
to the'plant computer.

Such machine operational data can be accessed by installing appropriate interfaces to the
plant control system. Typical examples of possible interface installations are:

— The installation of a multi-channel analogue digital converter (ADC) module, which is ca-
pable to acquire process signals and transmits the digitized data via the communication
network to the computer.

— The installation of a software interface on the computer, which interfaces the plant control
system and provides the required operational data on the computer.

On-line PD measuring systems with permanently installed devices for PD acquisition and op-
erational data acquisition systems are mandatory for performing “continuous on-line PD moni-
toring” (see 9.5).
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8 Normalization of measurements

8.1 General

Due to pulse propagation, resonance and mutual cross-coupling in machine windings, men-
tioned in 6.2, calibration is not possible. Due to the wide variety of frequency ranges used by
PD measuring systems, two normalization procedures are needed for different systems.

Although a calibration according to IEC 60270 does not apply for generators, for low frequen-
cy systems, experience shows that the amplitude of PD is often in the same range for similar

en aratorc anA cirailae oo tomc
genpraters-and-simiarsystems-

Alternatively, for high frequency systems, the difference between systems is so-large [that
amplitude comparison between systems is no longer possible. Therefore, the procedure is
aimed at quantifying the minimum detectable voltage drop at the generator terminals.

The|choice between these two procedures is by agreement between the wusér and the prgvid-
er. Both procedures can be performed on the same installation.

8.2| Normalization for low frequency systems
8.211 General

Normalization of the test circuit may facilitate comparisens between measurements on ma-
chines having similar design, taken with the same PD §ystem. Normalization of the test cifcuit
shopld be performed by injecting short-duration current pulses of known magnitude by mgans
of @ reference pulse generator (calibrator) conforming to the specifications given in
IEC|60270. The normalization procedure can only be performed off-line.

Thelfollowing points are important to emphasize:

— nhormalization does not define the @nknown, machine-dependent signal transfer fundtion
between the actual PD source in‘the winding insulation and the location of the instglled
Eensors, which is in general asfunction of the location of the PD source and the individual
vinding design;

— normalization at the machine terminals does not adequately represent the PD pulses [that
actually occur at an unknown location within the stator winding. Consequently, the progess
bf normalizing a_measurement on complete windings does not provide a measureg for
huality of the insulation system in terms of absolute quantities;

— normalizationtdoes not provide an absolute benchmark for direct comparison of diffefent
achines{Nevertheless, normalization increases comparability of PD results between [ma-
chines andtherefore it will allow at least an order of magnitude comparison between| dif-
erent'machines and different installations;

Lilse
fre-

ar/mnormalization of PD measuring systems in the low frequency range, refe

rence p

depe A hao d—be ed 5oV

quency range of the measuring system;

for a regular check of the function of the measuring system, e.g. major standstills can be
used to repeat the normalization procedure.

8.2.2 Normalization procedure

Normalization of the test circuit is performed by injecting current pulses of a specified magni-
tude at the machine terminals or as close as possible to them, by means of a reference pulse
generator. This is to simulate PD pulses as they appear at the machine terminals during the
measurement.

Preferably the reference pulse generator shall operate somehow synchronous to the grid. This
will help to identify the normalization pulses especially in noisy environment (see Figure 4).
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IEC 449/12
Figure 4 — Measuring object, during')normalization

procedure of normalization should be performéed as follows:

All connections between machine and transformer, step-up or step-down, shall be clos
Machine terminals shall not be grounded:

ing impedance (same as during op€ration).

f surge capacitors are installed_on the machine these shall remain connected to the W
ing.

o consider the connection between terminals and PD sensors. In case of installed

he usually short(distance to the ground.

Perform normaljzation measurement.

or to verify the normalization and to verify the base noise that may superimpose the
brence.pulses.

[owerify symmetry of all installed phases and PD sensors it is recommended to perfog

phase rings may differ significantly from.phase to phase.

Neutral point connection shall be closed and connected to ground via direct link or groyind-

ind-

he reference pulse generator should be connected as close as possible to the termipals

PD

tensor at the neutralhpoint, the normalization measurement will only be indicative dug to

t is recommended to perform at least one measurement with disconnected pulse gengra-

ref-

m a
the

To verify the validity of the normalization, the ratio between the millivolts recorded by the PD
instrument and the pulse generator charge shall be computed. Since the machine winding is
symmetric, the mV/nC ratio is expected to be quite similar from one phase to the other. Since
this procedure only applies to relatively low frequency systems, the phase rings influence
should be limited.
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8.3
8.3.

Normalization / sensitivity check for high and very high frequency systems

1 Specification for the electronic pulse generation

The sensitivity check is performed by injecting voltage pulses on the conductor at the closest
point to the insulation. This point is usually the terminal of the test object, and referenced as
the terminal in the rest of this subclause.

The

general setup for this sensitivity check is shown in Figure 5.

Theﬁmﬂﬂwwmw@mmw '
an ipternal resistance of Ry in series. The rise time fz of this generator should be less

1/f,
off

Where fis the upper frequency limit of the detection system. For example, if the upper
requency of the PD measuring system is 100 MHz, the electronic generatorfpulse

timg should be less than 10 ns.

The

pulse duration shall be longer than the time response of the detection\system. This

respgonse is the time needed for the system to recover its initial conditiamafter having b
excited by an impulse. The fall time of the impulse has no importance.

Cw
on

Cg (case 2)

dbe;

Cable Z, T :

—{_} R p—
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Scope input
impedance
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Figure 5 — Arrangement for sensitivity check

represents the apparent capacitance of the winding. Note that this capacitance depq
esrate of the voltage change. Since high frequency attenuates more than low freque

Cw |wilMappear much smaller at the beginning of the impulse where the rise time is usy
shorter.

The

and
han
cut-
rise

me
bing

450/12

nds
ncy,
ally

re are two test conditions:

case 1) The time constant R, C,, is less than tg / 3 : the output of the pulse generator is di-

rectly connected to the terminal.

case 2) The time constant R, C,, is more than tz / 3 : a capacitor C, shall be connected di-
rectly at the terminal in series with the pulse generator. This capacitor shall be cho-

sen to obtain a resultant time constant of less than tgz / 3. The resultant time cons
c,C
is R, L
C,+C,

tant
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If the pulse generator is to be located far from the test object, a cable matching the imped-
ance of R, should be used (Z, = R;) to reduce the impulse distortion at the terminal. When
the distance from the terminal up to the ground of the test object is more than 1/10 of the up-
per frequency limit wavelength of the detection system, the inductance connection to the
ground is no more negligible (ground inductance in Figure 5). A low inductance ground plane
should be installed to extend the ground of the generator for the pulse injection. The use of a
wide copper foil is recommended. This ground point may be different from the coupling device
ground point.

8.3.2 Configuration of the machine

For [the sensitivity demonstration, the machine should be in the configuration indicated in [Fig-
ure @.

8.3.B Sensitivity check

The| sensitivity check procedure can only be performed off-line, unless a special high vollage
inje¢tion capacitor Cg is used. But on-line pulse injection is a dangerous-operation not gov-
ered in this document.

Using the setup of Figure 5, measure the minimum pulse voltage(V,/at which the PD detgctor
shows a detectable signal. This is, in mV, the sensitivity of the PD detection system.

The|voltage pulse has to be measured directly at the terminal using a fast oscilloscope. Iff the
eledtronic generator can be located very close to the terminal, at less than 1/10 of the upper
frequency limit wavelength of the detection system ncluding the ground connection, the| set
pulge voltage Vg can be used directly.

If a|supplemental capacitance C, has to be used (case 2), the voltage level at the ternjinal
may be too small for a valid measurement.;This is the case when Cg << Cy-

The|front of the voltage impulse is expé&cted to oscillate. The voltage to consider for the sgnsi-
tivity check is the peak value of the“voltage recorded at the terminal. If very high frequgncy
oscillations compared to the upper’limit frequency of the detection system are measuref, a
filtefing of this very high frequency component is to be performed.

In seervice, the background noise may increase significantly. As this check is performed|off-
line| it is recommendedito record the PD output at various step voltage levels and injedtion
eledtrode locations~in/order to estimate the minimum sensitivity level while operating. [The
minimum sensitivity-level is the peak voltage of the step generator that is detectable ahove
the hoise floor-limit. The real noise limit may be difficult to determine as the generator is por-
mally produgitig PD while operating.

To Yerify.symmetry of all installed phases and coupling devices, it is recommended to perform
a sgnsitivity check on all phases separately. Especially on large machines, the lengths of| the
phase rings may differ significantly from phase to phase.

This technical specification does not recommend any minimum value. Also note that the sen-
sitivity check is only valid for an impulse at the terminal, and due to attenuation, the sensitivity
may drop rapidly for real PD located far from the terminal.

9 Measuring procedures

9.1 General

On-line PD measurements on rotating machines can be done on a periodic basis during nor-
mal operation of the machine, with a PD measuring device temporarily connected to the in-
stalled PD sensors via an appropriate access point, as described in Clause 7. As an alterna-
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tive continuous on-line PD monitoring can also be performed, with a permanently installed PD
measuring device and appropriate communication connections according to Clause 7. For
both of these approaches it is recommended to perform an initial baseline measurement
which can be used as a reference for future measurements and for trend analysis.

9.2 Machine operating parameters

One of the most important aspects of all on-line measuring procedures is the recording of
machine operating conditions while PD data are being detected. The influence of machine
operating conditions on the measurement results is often critical in subsequent data analysis
and determination of PD sources. Therefore it is recommended to record especially the follow-
ing pperating parameters during each PD on-line test:

— stator current and voltage;

— active and reactive power;

— winding temperature measured by slot RTD;

— ¢ooling gas temperature and pressure;

— ¢ooling water temperature for direct water cooled stator windings;

— humidity.

The| operating parameters should be recorded simultaneously to the PD data and be st¢red
with[ the same time scale on the same recording device to ensure the correct correlation off the
datg and thus a meaningful interpretation of the PD behaviour.

If ofher machines are running in parallel on the same high voltage bus, their influence with
regard to external disturbances needs to be considéered.

In grder to identify the specific discharge sources, the factors that influence the discharge
actiyity should be varied systematically by>an appropriate measurement program. Since|the
megsurement program may have an influence on the load regime of the operating unit, [this
program should be communicated in advance to the machine user.

9.3 Baseline measurement
9.3.11 General

Thelinitial PD on-line_ measurement performed on a machine gives an indication with regard to
the [condition of thelinsulation system at the time of the measurement. This is essentially a
fingerprint of the PD/activity within the insulation system, which is used as a basis for further
trend analysis.that will be established by future measurements. The initial fingerprint is pest
when the winding is new. However, it should be noted that the PD behaviour of a new winging
usu}lly stabilizes after the first 5 000 to 10 000 operating hours and thus the initial fingerprint
of tihe new:winding may show higher PD than subsequent measurements after some timge of
opefation due to a conditioning effect.

9.3.2 Recommended test procedure

If a variation of load conditions is possible a series of PD readings should be taken under
various load and temperature conditions. The following procedure according to Figure 6 can
be viewed as a typical example for a baseline PD on-line testing. The load schedule provides
data for a meaningful subsequent PD analysis, mainly considering load and temperature ef-
fects.

The load and temperature conditions should be varied according to the measurement se-
quence shown in Figure 6. Depending on the plant conditions the measuring sequence can be
started with increasing load at point (1), or with decreasing load at point (3). Note that fast
changes in load are not always possible in steam turbine generators.
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Key
(1) |Measurement at low load and thermally stable winding conditions
(2) |Measurement at high load directly after relatively fast load increase
(3) |Measurement at high load and thermally stable winding conditions,
(4) |Measurement at high load with significant change of reactive power and thermally stable winding conditiops

(5) |Measurement at low load directly after fast load decrease

Figure 6 — Recommended test procedure with consecutive load
and temperatutre conditions

The|measurements after load change (2),and (5) should be taken immediately. The stabiliza-
tion|of the temperature needs some time? Therefore, between each load point the stator wlind-
ing femperature needs to be monitored such that the PD measurements (1), (3) and (4)|are
each performed when the temperafure has stabilized. If change of active load is not possjble,
alsd a change in reactive load will at least provide a minimum stator current variation.

In ofder to get a sufficiently-pronounced influence of the load conditions on the PD behavipur,
the difference between lew and high load should be at minimum 50 % of the nominal powe

=

If ppssible a measufement should also be carried out at nominal voltage and speed before
syng¢hronizing the'machine to the grid. This allows a more reliable detection of defects, which
depgend on théedelectric field distribution only.

9.4| Periodic on-line PD measurements

Per dlb UII-“IIC PD IIICabuICIIIUIIib dlc IIIddC dt bpcbiﬁb iilllc illiUlVdib, Wilibil L.IIU}.)UIIL.II UTl1 the
individual condition of the machine. If the measurements indicate a stable condition of the
machine winding, then periodic measurements are typically made once or twice a year. In
case of particular findings that may be related to insulation deficiencies, the time intervals can
be shortened to minimize the risk that significant insulation deterioration may remain unde-
tected between tests. It is further recommended to perform an on-line measurement before a
maintenance standstill, to indicate possible weak points that need further consideration during
maintenance work.

The full measurement program with load and temperature variation according to Figure 6 is
recommended only in case there is a clearly noticeable PD activity that needs further detailed
evaluation. At least a measurement at one load point and stable thermal conditions (high load
(3), (4) according to Figure 6) should be performed on a regular basis. The load and tempera-
ture should not vary more than + 10 % compared to previous measurements to ensure compa-
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rability and thus to ensure that a reliable trend analysis for subsequent measurements can be
established.

9.5 Continuous on-line PD measurements

An alternative to periodic measurements is to install an acquisition system, which is capable
of performing continuous PD measurements. The basic installation of a continuous PD moni-
toring module is the same as for the periodic system but, in addition, the PD measuring de-
vice and the controlling computer are installed on a permanent basis.

When-PD _data-are-continuouslyyacguired-the PD pattern-and-a-set-of calculated-trending pa-
J 1 Lol J

rampters according to Clause 10 can be derived directly from the originally measured datp. A
large amount of data is created, which cannot be stored indefinitely. Therefore, intelligent
datg reduction algorithms are needed, which automatically select the important trending| pa-
ramgters and patterns from the repetitive measurements for example per day and,store them
in allong-term database for later analysis purposes. Such automatic pattern selection can be
carrjed out either simply time based with regular pre-defined time intervals; er“more appropri-
ately based on the development of the derived trending parameters, whi¢hyare used for com-
parison with reference conditions of the insulation system.

The|continuous PD monitoring system can be integrated into a sipervisory diagnostic sygtem
that| combines various diagnostic modules for the assessment of the machine condition. In
that|case it is essential to ensure appropriate communicatiof links, which allow for connedting
the pystem to a remote diagnostic centre, where a detailed analysis of the measured data|can
be pgerformed.

The| advantage of continuous on-line PD monitoring is that the PD data can be continuously
trended in real-time and thus rapid changes of the*PD behaviour can be detected and the|risk
of Igsing important information on the PD activity'can be minimised. This allows a detailed PD
analysis to be implemented on an event basi§, rather than a traditional fixed time interval|ba-
sis.

10 |Visualization of measurements

10.1 General

In vjew of the fact that it is the condition of the insulation system that is being assessed,|the
PD data recorded wjthione of the measuring systems described in Clause 6 should be pro-
cessed appropriatety=~Since the nature of damage to the insulation system, and therefore| the
risk|of failure, isydirectly related to the particular type of the partial discharge source, |t is
necessary to,obtain reliable information on the kind of partial discharge sources that|are
medsured. Yarious types of visual data processing can be employed for this purpose.

10.2 /Visualization of trending parameters

As in an on-line situation the terminal voltage of the machine is a given parameter, it is not
possible to determine the PD magnitude as a function of the terminal voltage. Useful, in the
case of on-line measurements, is to visualize for example the PD magnitude or other charac-
teristic quantities of specific PD phenomena as a trending parameter over a longer period of
time (see example in Figure 7).

When using digital PD measuring devices the measured data can be analyzed later by appro-
priate methods and derived PD parameters can be calculated. Additional quantities can be
derived from the PD data like integrated charge, discharge current, quadratic rate, PD power,
and PD energy in accordance with IEC 60270. Statistical quantities like the NQN quantity
(normalized quantity number) or others can be used too. However, with digital systems, the
derived PD quantities will depend on the specific instrument settings during testing, for exam-
ple 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 as-
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sessed. Either statistical distributions of PD parameters, 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 dis-
tribution, phase resolved pulse height distribution, oscillograms of pulse trains, PD distribution
maps, etc.).

Line Graph for Plant:
0 -Okt-2008 00:00:00 to 31 -Okt-2008 05:42:19

: : ket AT
W { ww *H fJ\ \Lﬁ ’Mﬁ "r m' W *IMMM 2):

-Okt-0& 0000 04-0kt-08 0000 07-0k-08 00:00 10-0kt-08 00:00 13-0kt-08 00:00 16-Okt-08 0000 19-0kt-08 00:00 22-0k-08 00:00 25-0kt-08 00:00 28.0kt-08 00:00 31-0kt-08 00:00
[chd- Wby HH: ]

o

IEC 45p/12
Figure 7 — Example of visualization of trending‘parameters

When trending the PD magnitude or other PD parameters cover time, it is important to simlta-
neolsly acquire information regarding temperature of thé)winding, ambient humidity, codlant
temperature and pressure, excitation current, stator-Cdrrent, power factor and terminal yolt-
age

Bes|des basic time-related trending also the visualization of the relation of the PD magnifjude
withl the other parameters can give information regarding development of specific failure
medhanisms. It can be of use to introduce“colours as a third dimension in the graphs to \lisu-
alize¢ the development in time.

10.3 Visualization of PD patterns

A phprtial discharge pattern «¢can be viewed as a PD distribution map, in which specific| PD
quahtities are correlated in\a) scatter plot, to obtain information on the sources of PD actiyity.
Usufally, a 2-dimensional PD distribution map is employed for visualization.

A PP pattern, which i recommended for identifying the causes of PD in stator winding inslula-
tion| systems, is_the ®-g-n pattern in which the PD magnitude g is on the ordinate and|the
phage of occurrence @ is on the abscissa for each individual PD pulse. Figure 8 shows an
example of(that pattern type. In the scatter plot, the frequency of PD occurrence (n) within
each phase/magnitude window should be visualized by employing a suitable colour dode
whagse’seale may be visualized by the side of the plot.

The ®-g-n patterns obtained from on-line measurements can also be displayed as a three
phase, phase shifted plot as shown in Figure 9, that can be efficiently used to identify phase
to phase PD in the end-winding, and the effect of signal cross-coupling between different
phases.
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Figure 8 — Example of a ®-g-n partial discharge-pattern,
with colour code for the pulse number H(n)/s
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Figure 9 — Example of a three phase, phase shifted ®-q-n plot
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Interpretation of on-line measurements

.1 General

Interpretation is always comparative for stator windings. Since PD is often a symptom of a
failure process and not a direct cause, it is not generally possible to specify a level of a PD
quantity where there is a high risk of insulation failure. However, meaningful interpretation of

on-
the

line results is possible by using various sources of information, which may include not only
PD on-line results but also machine design knowledge, maintenance history, visual in-

spections, various off-line tests, operating conditions and appropriate expert knowledge.

In deneral, interpretation of on-line PD results should be performed in two steps. First,jit is
fundamental for any maintenance planning to know if there are insulation problems, (indicated
by dignificant PD activity. If so, then the specific source of PD activity needs to be .determined
by 4 more detailed evaluation. Since the degree of deterioration, and hence the risk of ingula-
tion|failure, depends considerably on the specific type of partial discharges; it is crucial to
have sound information on the source of any significant PD activity, i.e. on.thé type and pos-

sibl

11.2 Evaluation of basic trend parameters

¢ location within the stator winding of the machine.

A ppwerful means of interpreting on-line PD data is to evaluate the trend of specific PD|pa-
ramgters over time. The parameters that can be used for that tfend evaluation are described
in 10.2. For new machines it is essential for reliable trend evaluation to get an initial finger-
print of the PD activity by performing a baseline measurement according to 9.3. This initial
fingerprint can then be used for comparison with subsé&quent regular or continuous PD meas-

ure

ments.

If fgr example the PD pulse magnitude, Q,,, is"used as the trending parameter, meaningful

intefpretation can occur by

rending Q,, on the same machine oyer time, using the same PD measuring system;

comparing the Q,, trend from different phases of one machine, using the same PD meas-
iring system;

comparing the Q,, trend fram several machines with the same design, using the samg PD
measuring system.

However, other trend<parameters according to Clause 10, which provide significant infor-

matlon on the development of winding deterioration, may be used for trend analysis. In

erallit is meaningful_to use not only one but various PD parameters for simultaneous trending,

whi

¢h provide additional information on the characteristic PD behaviour. If the winding condi-

tion|is stablelover time without significant deterioration, then the observed trend parameters

will

behave'stable as well. However, if the winding deteriorates due to operation in seryice,

ther forcexample Q,,, will usually increase over time. Doubling of Q,, over one year may b¢ an

indi

spet

cation that significant deterioration has occurred. Additional off-line tests or a visual in-

Some cautions with regard to PD trending over time are:

a new stator may have relatively high PD that decreases after the first 5 000 to 10 000
equivalent operating hours;

in the case that the baseline measurement on a new winding shows relatively high PD
compared to other similar machines, the user of the machine may seek from manufactur-
ers assurance that the new winding was made with the normal quality level that the manu-
facturer has achieved in the past and that the initial fingerprint shows a PD behaviour,
which is normal for that kind of machine and a new stator winding;

the PD behaviour may be affected by machine operating conditions, e.g. winding and core
temperature, load, cooling gas temperature or ambient conditions. Variations in PD as a
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lndicative of any insulation recovery.
Wh

reading is high, then the PD data should be further analysed to determine the probable cg

for

11.3 Evaluation of PD patterns
11.3.1 General

In order to assess the stator winding condition the, ¢-q-n—pattern (Figure 8), recorded du
peripdic measurements or during continuous monitoring, should be used to determine

spe

When using the ¢-g-n—patterns, it may'be possible to separate various PD sources from €
othgr and to trend their PD behaviour'separately. When knowing the specific type and locq
of ahy PD activity within the winding it is also possible to assess the risk associated with
vidu

isn

11.3.2 PD pattern interpretation

The|aim of PD pattern interpretation is to identify the dominating PD source and to sepa

PD
pos
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result of operating conditions shall be understood and distinguished from those caused by

progressive ageing of the insulation system, to establish accurate assessment of the
trend;

PD

variations of Q, of a certain percentage, for example + 25 %, may be normal, due to more

or less statistical behaviour of PD processes;

for determining the specific type of PD process it is not sufficient only to detect and trend
individual PD parameter values, but it is necessary also to assess the phase resolved PD

pattern according to 11.3;

a reliable assessment of the PD behaviour requires that each detected PD phenomenon is

rended individually which is only possible by analysing the phase resolved PD pat

ern

hccording to 11.3;

in older machines with high PD activity it is not uncommon for the PD trend {d. stab
bven though the deterioration is progressing;

when trending the PD behaviour over time the PD magnitudes may also/décrease ¢
hough significant deterioration of the insulation is present. Decreasing trends are thus

n performing only trending of parameters over time and the trend’is’high, or the indivi

Cific type of any PD activity within the stator winding of the machine.

resulting from" various PD sources within the stator winding. With this information,
Sible to

bbserve the trend behaviour of each PD source;

provide rough information on possible locations of the various PD phenomena;

lize

ven
not

Hual
use

he high PD activity. In this case, the analysis of phase resolved PD patterns (Figures 8
and|9) in accordance with 11.3 is useful for identifying the PD Sources.

ring
the

ach
tion
ndi-

al PD sources. Since each-PD process may have its own critical level of PD magnitude it
bt recommended to use’PD magnitude alone as an indicator of risk of premature failurg.

rate
it is

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

When analysing phase resolved PD patterns, the most meaningful interpretation can be ob-

tain

ed by

trending the PD pattern on the same machine over time, using the same PD measu
system,;

ring

comparing the PD patterns from different phases of one machine, detected at the same

time, using the same PD measuring system;

comparing PD patterns from several machines with the same design, using the same
measuring system.

PD
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To facilitate comparison between measurements a suitable database of PD measurements
should be utilized. This database should ideally include a complete history of the PD behav-
iour and the operational and maintenance data of each machine under test. With some re-
strictions such a database can also be utilized for the direct comparison of PD measurements
with those of machines of similar design and insulation system, which provides further useful
information.

The specific relationship between the source of the PD, its typical behaviour and also its im-
plications for the risk of stator winding insulation failure, is usually based on past experience
verified in practice.

Annlex A shows some examples of the principle appearance of phase resolved PD pattérns
and|gives some general interpretation rules that can often be applied for stator winding PD.

11.4 Effect of machine operating factors

11.4.1 General

effert of various machine operating factors. Particularly the influence‘of load and temperafure
on the specific PD behaviour can be efficiently used to identify«typical deterioration meg¢ha-
nisms resulting in stator winding PD.

Fur]?er information on the likely deterioration mechanism can be obtained by analyzing|the

11.4.2 Machine operating factors
The|lmain machine operating factors that influence the~RD behaviour are:

a) Load conditions:

[he load conditions of the machine given as-‘active and reactive load are characterized by
he actual stator current, the stator voltagé’and the power factor. These parameters direct-
y determine the winding and core temperature of the machine as well as the electrical [and
mechanical stresses on the stator, winding insulation system.

b) Machine operation mode:

he operation mode of a machine that may be operated in peak or base load, may Have
hn influence on the ageing.behaviour of the stator winding insulation system due to ther-
mal and mechanical stresses.

c) Cooling system:

Depending on the rated machine power different cooling systems are used. The sfator
vinding may be-direct or indirect air- or hydrogen-cooled or even direct water-cooled. [The
jifferent coOling methods and type dependent designs significantly influence the theqmo-
mechanjcal stress of the stator winding components. In addition, for gas cooled machipes,
he cogling gas pressure influences the PD activity.

d) Ambient conditions:

h ain—ambiandtinfl ne faptora 0 DN bhaobhaoyviia: £t MAAL\:V\’\ P ST P H 1V d
e ambtie Rt Higenteractors—o—tnerrooenavodtortmeMmachhe——atre ToOTrTaTey an

particularly contamination, like partly conductive grease, dust, oil, etc., which may for ex-
ample occur in open-circuit air-cooled machines.

Due to these influencing factors, for the analysis of the PD behaviour in correlation to the ma-
chine operating conditions, it is recommended to record the operating parameters according
to 9.2.

11.4.3 Steady state load conditions

When performing periodic on-line measurements load conditions for each measurement need
to be the same in order to be able to compare subsequent measurements and to reliably as-
sess the trend behaviour. In addition it is necessary to determine if the noise conditions for
the measurement have changed.


https://iecnorm.com/api/?name=f9f7d5f85efaa5dc78f88d5544fc034a

-40 - TS 60034-27-2 © IEC:2012(E)

To ensure comparable machine conditions, the operating factors mentioned in 11.4.2 need to
be recorded. If the machine conditions are the same for subsequent measurements and the
trend parameters or the phase resolved PD patterns show significant deviations between
measurements, then this may indicate changes of the winding insulation condition. In that
case possibly changed noise conditions need to be identified and the type of PD source
should be determined according to the characteristic shape of the PD patterns.

To further verify the type and/or location of PD sources a systematic variation of the operating
machine parameters, as described in the next clause, is very helpful.

11.4
Var
ram
ings
ble

a)

b)

e)

4 T renttoad it

ations of the PD trend parameters and/or the PD patterns with respect to operating
pters can assist in identifying the source of PD and its relative severity. Some‘new w
may require several months of operation before stable “benchmark” readings-‘are pg
because of the continued cure of resin and slot contact effects.

Change with load: When temperature and voltage are held constant,ra’change of the]
magnitudes within the negative voltage half-wave between low load~and high load is in
htive of a loose winding. This effect is due to stronger electromaghetic forces acting on
winding at higher load. Such signs merit early investigation be¢ause erosion of thermo

pa-
ind-
ssi-

PD
dic-
the
set-

ing groundwall insulation caused by the combination of slot.discharge and electromechan-

cally induced vibration can be rapid.

Change with power factor: When temperature and voltage are held constant, a chang
he power factor allows to distinguish between PD_ caused by high electric fields and

Ing effects due to electromagnetic current forcesThis can be identified with the ¢-g-n

ern since in contrast to PD resulting from high“electric fields, arcing effects driver
blectromagnetic forces lead to typical phaseshifts of PD pulses within the discharge
ern.

Change with temperature: When load and’voltage are held constant, a change of the]
magnitudes as the temperature increas€s or decreases, is usually indicative of discha
mainly resulting from the slot portion of the winding. This may be a sign of delaminat
petween inner conductor and insulation or between layers of the main insulation or ev{

e of
arc-
pat-

by
pat-

PD
ges
ons
bn a

bign of slot discharges. The influence of temperature changes on the behaviour of PD from

he end-winding region canhot be assessed.

Change with gas pressure: In the case of hydrogen-cooled machines, there may bgq
bpportunity to make PD measurements at different gas pressures. These results caf

an
be
res-

Iseful in confirming-the sources of PD. If there is an increase in PD with decreasing p

Especially surfaces discharges will be more prominent at low gas pressure. When
creasing thesgas pressure, caution is needed in particular for aged stator winding in
ions, sinceg the loss of external gas pressure may lead to mechanical overstressing of

sure, the PD is occurring within the generator enclosure and not external to the generjtor.

insulation-due to the still existing internal gas pressure in voids and delaminations.

Change with humidity: The humidity of the surrounding cooling gas will have an effec
he‘behaviour of surface discharges. Lower PD has been attributed to the surfaces of

de-
ula-
the

t on
the

end arms at times when the humidity is high because of a homogeneous field grading ef-
fect on the winding surface. However, in the presence of severe contamination higher hu-
midity may result in local conductive paths that lead to additional surface discharges. PD
within the ground insulation does not change with humidity.
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12 Test report

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

ON-LINE PARTIAL DISCHARGE TEST REPORT

PARTIAL DISCHARGE TEST DATA

Date:
Customer:
Plant:

Unif:
Saf¢ty responsible:

Opgdrator(s)
Name Function

(add more lines if néeded)
Detgctor PD Sensor
Marjufacturer: Manufacturer:
Typg: Year manufactured:
Serial: Type:
Bandwidth: Capacitive
Output unit (mV/pC): Inductive

Stator slot coupler

Capacitance (if applicable):

Distance between sensor and connection
point:

Sensithditycheck:

Indicate if any off-line test has been performed earlier to check the sensitivity of or calibrate
the measurement chain.

Make reference to any previous report if available.

Operating point(s) during PD tests

Ambient temperature:
Ambient relative humidity:
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Voltage (kV) | Active Reactive Average Cooling medium Time
power (MW) | power (MVA) | temperature pressure (psi)
(°C)

(add more lines if needed)

MACHINE DATA

Thn fallowina—datawwaora neaon i
Crromowimg—tata vwoTrc—pt

P
L

Nameplata data

Marjufacturer:
Typg and serial number:

Yeafr manufactured:

Rated Voltage (kV)

Rated power (MVA)

Rated power factor:

Frequency (Hz):

Speed (RPM):

Number of internal ways:

Stafor cooling system:

ndirect: air’/hydrogen/carbon dioxide
Direct: air/hydrogen/water

Rated pressure of cooling medium (if<applicable):

Insulation system data

Insdlation class:

Marjufacturer (if rewound):

Marjufacturing technology (resin rich/VPI):
Grafling system type(paint/tapes):

Yea[ last rewinding (if applicable):

Yeaf last rewedging (if applicable):

Extérnal environment
[

Step-up transformer voltages:
Distance between machine and transformer:

Operational data

Power plant type (Coal/Qil/Gas/Hydro/Nuclear):
Operation mode (continuous/intermittent):
Standby mode (hot/cold, applicable only to intermittent units):

The following data should be reported starting from manufacturing or last rewinding (if any) to
date:

Number of starts:



https://iecnorm.com/api/?name=f9f7d5f85efaa5dc78f88d5544fc034a

TS 60034-27-2 © IEC:2012(E) -43 -

Number of hours (or equivalent operating hours):
Average load:

Peak load:

Average winding temperature:

Maximum winding temperature:

Number of differential relay trips in phase U \%

Number of maximum current relay trips in phase U

Oter notes
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Annex A
(informative)

Examples of Phase Resolved Partial Discharge (PRPD) pattern

Principal appearance of phase resolved PD patterns

The following figures show some examples of phase resolved PD patterns in a stylized form,
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h can typically be found for defects in stator winding insulation systems. It should be
at different patterns than shown here may also occur for different PD sources» U
ild be aware that various additional effects, not shown here, can occur during BB on
surements that may also produce other characteristic PD patterns. Especially strong
osition of patterns is possible in practical cases and also variations in pattefrn shape,
uency or other characteristics.

Power frequency

Internal defamination PD

Surface PD in slot

PD adjacent to conductor

PD between phases

PD between phases

Metallic objects in end-winding

IEC 455/12

Figure A.1 — Stylized examples of PD phase resolved patterns
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Even if the specific patterns detected during on-line measurements may deviate from the pat-
terns shown in Figure A.1 above, it is possible to make the following general remarks:

— When the PD pulses, which mainly occur during the negative half-cycle of the voltage
waveform, predominate in magnitude (example c in Figure A.1), the source of the PD likely
involves a damaged conductive slot coating due to loose vibrating stator bars or coils. This
process is usually more pronounced during on-line measurements at higher load.

— When the PD pulses, which mainly occur during the positive half-cycle of the voltage
waveform, predominate in magnitude, the source of the PD can be expected to be at or
near the copper strands and may indicate an incomplete bond between the insulation and
the copper conductor (example d in Figure A.1). In the case of multiturn coils there may be
an inadequate bond between the turn insulation and the groundwall insulation.
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— When the PD pulses in the positive and negative half-cycle are in the same range of mag-
nitude (examples b, e, f, g in Figure A.1), the source of PD can be expected to be surface
discharges at the end-winding or internal discharges due to voids or delamination of the
main insulation.

— Note that examples e and f in Figure A,1 should be taken together as a pair. If the PD is
occurring between two phases, the PD detected in one phase will tend to be shifted right
(closer the zero crossing of the AC cycle), whereas the same PD detected in the other
phase will be shifted left (closer to the peaks of the AC cycle).

— During on-line measurements cross-coupling effects between different phases may occur,
which can significantly influence the PD patterns. Such effects usually complicate the
dentification of individual PD SoUTces.

A.2| Example of typical PRPD patterns recorded on laboratory

A.211 General

Thel| following measurements were taken under well controlled laboratory-conditions, so [that
the PD processes are well known while the noise level is kept very lows:For every type of| de-
fect| simulated in laboratory, the phase resolved ¢-g-n patterns were recorded many times
over a long period of time, in order to validate the repeatability of the) PRPD patterns.

A.2]2 Internal discharges
A.2{2.1 Internal voids

Intefnal PDs are generated in an air or gas-filled pogckets embedded in the main insulafion.
Thely result from the manufacturing process and.do“not indicate ageing factors. Under nofmal
circbmstances, internal discharges do not lead«toymarked ageing.

Figyre A.2 illustrates a PRPD pattern recerded in laboratory, when only internal PD actjvity
was| present on the bar. The main characteristic of the resulting PRPD pattern is the symmletry
between the positive and negative PDS; combined with a rounded shape. Typically, neggtive
PDg occur between 0° and 90° and-positive PDs occur between 180° and 270°.

0° 180° 360°

IEC 456/12

Figure A.2 — Example of internal void discharges PRPD pattern,
recorded during laboratory simulation
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A.2.2.2 Internal delamination

Internal delamination PDs are generated in an air or gas-filled longitudinally elongated pocket
embedded in the main insulation. They often result from overheating or from extreme mechan-
ical forces which both lead to separation of large areas between insulation layers.

A typical PRPD pattern resulting from internal delamination is illustrated in Figure A.3. Like
internal discharges, the PRPD pattern will be symmetric in amplitude and PD count, again
reflecting the symmetry of the defect. Even if this type of defect is similar to internal void dis-
charges, the PD count will be much higher, mostly because of larger PD sites. Also, the re-
sulting PRPD pattern will show a less rounded shape than internal void PRPD pattern, some-
timgs almost triangular shape. Older insulation systems are more subjected to internal dellam-
inatlon than mica-epoxy insulation.

e

o 180° 360°

IEC 457/12

Figure A.3 — Example of internal delamination PRPD pattern,
recorded during laboratory simulation

A.212.3 Delamination between conductor and insulation

Delamination PDs between conductors and the main insulation are generated in an air or gas-
fillegd longitudinally elongated pockets embedded between the main insulation and the hligh-
voltage coppet conductor. They often result from overheating or from extreme mechanical
forces which-both lead to separation of large areas between the layers.

A typicdl PRPD pattern resulting from delamination between conductor and insulatiop is
shown in Figure A.4. Since this type of defect is asymmeftric (copper on one side and insula-
tion on the other side), the corresponding PRPD pattern will also be asymmetric. Negative
PDs, occurring during the positive voltage half-cycle, will be higher in number and amplitude
than positive PDs occurring during the negative voltage half-cycle.
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