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Abstract— Partial discharge (PD) activity has long beenor shortcomings.

known to be an indicator of the presence of sonerideation
mechanisms at work within, or on, the solid insolatof the
stator windings of high voltage rotating machines.

Specifically, the test can find loose, overheatadd
contaminated windings, well before these problesed|to
failure. As a result, on-line PD testing has becoame
important tool for planning motor maintenance. @l
monitoring of partial discharge results is prefdrras it
provides an indication of the activity while the chine is
operating under normal thermal, electrical, ambiemd
mechanical stresses.

However, when monitoring on-line, the influencehigh
frequency pulses from sources external to the rstabeding
must be identified and separated in order to pregeoneous
interpretations. In the past, this has requireg tise of a
human expert. By using results obtained with sstftsited
noise separation techniques, 272,000 partial digeh&D)
test results have been analyzed to establish titeriarfor
comparing results from different machines and tkpeeted
PD levels. This paper will highlight some of thenkfits of
on-line PD testing using these results with caseliss and
signal analysis from marine vessel applications.

In general, for machines rated1 3/ or
above, over 50 years of experience with PD testingiotors
and generators has shown that years of warninfiaa given
of possible winding failure [1], [2]. PD testingt#cts most
(but not all) of the common manufacturing and detation
problems, including:

e Poor impregnation with epoxy

» Poorly made semi-conductive coatings

» Insufficient spacing between high voltage

components of different phases or to ground

* Loose coils in the slot

* Overheating (long term thermal deterioration)

e Winding contamination

e Load cycling problems

Initially the detection and use of the informatiam
signals provided by these discharges relied extelyson the
expertise of a few individuals and was very sulbjectin
nature. A comparison between different machinesewen
between tests taken on the same machine over tivaes,
highly subjective and made firm conclusions or judgts
difficult to make.

Advances in on-line detection and measurement igha

Index Terms-Partial discharge, Marine power plants, Marine discharges has resulted in monitoring equipmeritghavides

generators, Ambient humidity, Harmonics

|. INTRODUCTION

Partial discharges (PD) are small sparks that radaced
within or on the surface of the insulation systeaifshigh
voltage motors and generators. These sparks ohatiges
occur when voids exist in the insulation, or betwebe
insulation surface and the stator core, or betveanponents
of different phases and hence different potential§he
discharges occur when the electrical stress at¢hessoid is
sufficiently high that under the right conditiora) avalanche
of electrons occurs in the form of a spark crosshegy void.
These sparks generate high frequency signals that be
detected.

Over the past 30 years on-line partial dischargb) (P
monitoring has become the most widely applied nettom
determine the condition of the electrical insulatim motor
and generator stator windings rated 3.3 kV or moRartial
discharges (sometimes also referred to as coraeakrown
to occur in deteriorated stator winding insulateystems, as
well as new systems with manufacturing or instaltaflaws

a knowledgeable user with reliable and repeatafftgrnation
regarding the behavior of an insulation system evhd
machine is in operation.

Power plant generators in marine vessels present a

unique challenge in monitoring due to the preseasfcgystem
harmonics from the POD motors. Additional noiserrses
include such things as corona from the power systdip
ring/commutator sparking, sparking from poor elealr
connections, and/or power tool operation. Thiss@otan
obscure the PD pulses, and may cause the technioian
conclude that a stator winding has high levels Bf ®hen it
is actually noise. The potential consequence a #hgood
winding is incorrectly assessed as being defectigg,a false
alarm suggesting that the winding is bad, whes itat. Such
false alarms reduce the credibility of on-line P&ts, and
even today, many feel that on-line PD testing Iblack art’
best left to specialists.

Thirty years ago, the Canadian utility industry a(vi
Canadian Electrical Association) sponsored reseatch
develop an objective on-line PD test for machirrest tould
be performed and interpreted by plant staff witherage
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training. The PD test developed emphasized sapgr&D
pulses from electrical noise pulses. The noisearsgion
methods depend on analyzing the shape of indiviguides
from 80 pF couplers, one installed per phase. §lsensors
are most sensitive to detecting the PD at freqesngreater
than 40 MHz to maximize the signal-to-noise ratiod thus
further reduce the risk of false indications. Rwle the test
instrument has included sophisticated filteringteys to deal
with harmonics and other non-PD pulses that migbtin

Globally, well over 8000 machines have PD sensund,
the test is also used extensively in petrochemiedineries,
and pulp and paper plants. These non-intrusive teste the
capability of providing a wealth of information veti can be
useful to formulate priorities and develop an appaie
maintenance strategy, especially where many mashine
involved. These test methods have enabled utilitteassess
the winding condition of their machines utilizingeir own
staff.

all the PD pulse data collected. The peak positwvel
negative PD magnitudes (+Qm and —Qm) represeriti¢feest
PD pulses measured in mV with a minimum PD repetitate
of 10 pulses per second. Qm is a reasonable poeddt
winding insulation condition. A high Qm measured a
winding compared to a lower Qm in another windiagyally
implies that the former winding is more deteriodate

Testing of PD activity when the generator or moior
offline has been a common method for data colleabieer the
years. However, when testing offline it is not gibke to
evaluate the power plant under normal operaticat, ith while
under full load at sea. In addition, offline tedts not enable
testing at different loads to investigate coil maemst, testing
at different operating temperatures to confirm detation of
the voltage stress coatings, nor evaluating theagnhpf
ambient conditions to the PD activity.

Though trending of offline tests collected at theme
operating and ambient conditions may be usefuis ithe

A large number of test results have been accunuilateonline test data that can provide the user the inémtmation

from thousands of machines in a single databash thi¢
widespread application of the same on-line testhowt To

the end of 2011, over 272,000 test results haven bee

accumulated in a single database, and simple titatis
analysis has been applied to the database in ¢odextract
information that can help users to better interBt results.
The main purpose of this analysis is to help usetermine
which motors and generators have failing statoulation,

allowing them to plan appropriate maintenance. &,

some interesting results have emerged on the dliféars in
PD activity as a function of operating voltage, eiing age,
and machine manufacturer.

Il. OFFLINE VERSUSONLINE

As with most PD measurement systems, the number,

magnitude and phase position with respect to tlié®bbz ac
cycle are recorded, once PD pulses are separabeu the
noise pulses. Figure 1 shows a typical plot ofRBefrom one
phase of a turbo generator stator winding.
magnitude is measured in the absolute units ofvoits (mV)
to be consistent with the relevant IEC standards [Brom
each test, two summary indicators are extractgaesenting
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Figure 1. Typical PD Pattern

and be used to compare to the plethora of resulis imilar
machines.

A. Case Study 1: Offline versus Online

A comparison of data collected during offline analiree
testing was done on one generator. The PD magnitegllts,
+QOm and —Qm, as shown in Table 1 are clearly differ
between the two. The Offline results would be amered
Moderate, whereas, the Online results would be idered
Very High [Table 2]. Please note that Table 2asdu solely
on online results and as such should not be useahfdysis of
offline test data.

Table 1: Offline versus Online

kV MW +Qm -Qm °C (amb) RH
Offline 6.54 0 163 160 26° 369
Online 6.6 3.9 858 1710 26° 36%

In addition to differences in the PD magnitudeg ®D

Theseoul patterns from each test configuration also varyatyeas

shown below in Fig. 2 and Fig. 3. The reason fus t
variability can only be attributed to PD sourceatthre active
at the online, such as, phase-to-phase voltagessstre
mechanical stresses due to the higher current, hagier
thermal stress. In this case, the predominantensiource
appears to be phase-to-phase activity between igtovoltage
components of different phases.
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Figure 2. Offline Test Results (50-850mV scale)
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Figure 3. Online Test Results (200-3400mV scale)

I1l. DATABASE TO THEEND OF2011

Table 2: Distribution of Qm for Air-Cooled StatpB0 pF Sensors at the

Terminals
Oper. kV 2-4 6-9 10-12 13-15 16-18 >19
25% 8 29 34 50 41 40
50% 20 70 77 113 77 85
75% 63 149 172 239 151 136
90% 228 288 376 469 292 497
95% 398 433 552 723 582 722

From Table 2, it is clear that overall as the ratetlage
increases, the 90% level also increases. Cleashylts from a
13.8 kV stator should not be confused with thosenfra 6.9
kV stator.

Similar tables have also been prepared for thogd wi
other types of PD sensors [3]. With these tabtas,possible
for motor and generator owners to determine if sf@tor

All test results since approximately 1992, have nbee yinging insulation has a problem with only an iittest. If

combined into a single database. This totaleddD@tests up
to the end of 2011. This database contains mgpsatetests
on the same machine, sometimes performed over yeamg.
Also, many of the tests were done at different afieg

conditions. Machine operating conditions can dftbe PD

activity, and thus add additional variability tethanalysis.

Therefore the database was carefully reduced $iath t

e Only on-line PD readings obtained when the machine

was operating at or near full load at normal opegat
temperature are included
» There is only one test result collected per sertbois
only the latest reading is extracted
» Tests were discarded where there was reason &vbel
the measurement was mislabeled.
Once these criteria were applied, about 16,700s8tatly
independent test results were analyzed.

IV. DATABASE RESULTS

The database was analyzed to determine the effieQno
of several different factors, including:

»  Operating voltage of the stator winding

* Winding age

e Winding manufacturer.

The range in Qm from all the tests for the partcul
operating voltage was established for each sehefabove
factors. A cumulative version of the statisticadtdbution is
shown in Table 2. For example, for a 6.6 kV st&b% of
tests had a Qm below 29 mV, 50% (the median) oftéises
had a Qm below 70 mV, 75% were below 149 mV and 0%
tests yielded a Qm below 288 mV. Thus if a Qm@d &V is
obtained on an 6.6 kV motor or generator, thes likely that
this stator will be deteriorated, since it has RRels higher
than 90% of similar machines. In fact in many dw®f
cases where a machine was visually examined a&ftgstering
a PD level >90% of similar machines, significanatst
winding insulation deterioration was always obsdri4].

the PD is higher than that found on 90% of simiterchines,
then off-line tests and/or a visual inspection wioloé prudent.
Continuous PD monitors would have their alarm Is\adt to
the 90% level.

A. Case Study2 - PD Magnitudes
Ship Power Plant: 1 of 5 generators

Rated: 6.6kV Power: 3.9MW
+Qm: 858mV  -Qm: 1710mV
Manu: 1996

B. Analysis:

As shown in Case Study 2, based on the Iris Dagglths
95% for 6-9kV machines is 433mV; therefore, theelsv
observed for this generator were excessive. Tlimapy
source of the activity was assessed to be phaghase PD
between high-voltage components of different ph§Bis 4]
combined with a likely compromised interturn ingida.
Reportedly, this winding was replaced.
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Case Study 2. PD Magnitudes (6.6kV)

Figure 4. Example of Phase-to-phase PD
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Year of Winding Install - All Manufacturers
Voltage 6-9kV
(most recent test data for each asset)
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Figure 5. Effect of Age

V. EFFECT OFWINDING AGE

An analysis of the statistical distribution of P& teveral
manufacturers was also performed. Figure 5 defet2%'",

50", 75" 90" and 95' percentiles for all manufacturers based

on date of winding installation (<1981, 1981-198%86-

the higher percentiles (75% and 90%) that devidtes
possible that the variability is due to quality troh

VII. EFFECT OFHUMIDITY

Environmental conditions may have a very noticeable
impact, especially if the surface contaminationdmees partly
conductive when damp, so it should be recorded foomtest
to the next. It is appreciated that at times itynhe very
difficult to duplicate test conditions, particukatemperatures;
however, the emphasis should always be on tryingctoeve
as uniform conditions as possible. This meansntpkests
when units are hot and the temperature has statbjliwhile
accurately recording both the operating and ambient
conditions.

Perhaps the most influential, yet unpredictabl@aats of
ambient conditions to PD are the effects of vamsndin
ambient humidity on air-cooled machines. Humidisn
cause the electrical breakdown stress of the auletrease,
and therefore cause an increase in surface PDth®other

1990, 1991-1995, 1996-2000, 2001-2005, and 20060201 hand, humidity can also impact the electrical tiagkof

Note that only the most recent test data is diggayhat is,
even if a winding was installed in 1986, only thB Results
from the 2011 tests are included. In this pregemtait is

expected that due to aging, the older machinelser2011 test

results would have higher PD results than the neovess.
That is, there should be a noticeable downwarddtrieam
those manufactured before 1981 to those instaled006-
2010.

However, it is apparent that this is not the cabestead,

the newer windings manufactured from 2006-2010 aistu
have higher PD for the ¥590" and 9%' percentiles than the
previous decade of 1996-2005. This suggests thats the

industry for this voltage class that some of theverewindings

have PD sources that were not present in the pastde, but

perhaps was present in earlier machines.

VI. EFFECT OFMANUFACTURER

Figure 6 depicts the 35 50" 75" 90" and 9%
percentiles for each and all of the manufacturert. is
apparent by the chart that for manufacturers D lntthe PD
values are higher than typical (ALL), especiallyr fthe
machines with measured PD levels in the" %nd 9%
percentiles. This indicates that for these two ufacturers,
the highly PD-active machines are substantially enactive
than similar machines from other manufacturersnc&iit is
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Figure 6. Effect of Manufacturer

surface PD, and therefore cause a decrease inHiDs, in
some circumstances, the PD may godipe€t effect) while in
others it would go dowr(inverse effectwith increases in
relative humidity. In some circumstances, the hlityieffect
has been known to cause the PD to fluctuate by @shras
300%. Since each scenario is different, it is emily
important the ambient humidity be recorded at tese so
trends can be properly evaluated and decision@irenade
about upward trends that occur because of humfigcts
and not changes in winding condition. Present e&pee
indicates humidity only affects surface activity.

A. Case Study 3 — Humidity

Though power plants on ships are often locatedigh h
humidity environments, there can be significantiataitity in
the absolute humidity due to changes in ambient air
temperatures. Since surface PD is a common ocaaren
stator windings, it is imperative that the ambikamidity and
temperature be recorded at the same time as PDitodgsn
As shown in Case Study 3, the PD Magnitudes (Qmegl
are inversely correlated with the absolute humidity

Ship Power Plant: 1 of 4 generators
Rated: 11kV Power: 12.1MW
+Qm: 66mV low humidity (172mV at high humidity)
-Qm: 54mV low humidity (140mV at high humidity)
Manu: 2002
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Figure 7. Damage to Voltage Stress Coating

Pulse Height Analysis Plot
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Figure 8. Tests at Different Loads

B. Analysis:

The overall levels are considered “Typical” wheraat
absolute humidity and “Low” at high humidity, inh&r words
an inverse correlation between PD and humiditysTdiong
with the positive predominance suggests the predance of
surface activity due to deterioration of the vodtagtress
coatings [Fig. 7]. Recommended action is to tesdifierent
loads as the next stage in failure mechanism dpuedat will
be coil movement. And as clearly shown in Fig. I& €D
increased at a higher load indicating the onsetcoil
movement in addition to the stress coating detatiion.

VIIl. EFFECT OFHARMONICS

Since the electrical system on a cruise ship istied and
has loads that include VSD motors, there is contiean the

system harmonics and noise will make PD monitoring

difficult. There are three aspects of monitorihg PD activity
that can be heavily influenced by noise:

a. ldentification of the 50/60Hz signal so that the
location of the PD pulses can be evaluated based on Background
their occurrence relative to the AC phase to ground

voltage.

b. Noise signals that have frequency characteristics
which are outside the PD system measuring

bandwidth.

c. Noise signals that have frequency characteristics

A. 50/60Hz Signal
Table 3. 50/60Hz Signal Interference

While at dock S —" S
thereisaclean | = S
50/60Hz signal | Vit

|

: . ) »/%\N\\M’ ‘I A
While at sea there M"ﬂ ) \W .WJW J M n’ﬁp J!

y
are significant | 11 1 | ’ﬂ\ N

N “«' -
J |
harmonics \ ‘x\,\ywv\} G M‘
|
|
!

As shown in Table 3, offline PD testing and testith
only the station service while at the dock, the6B86iz poses
no problem to most monitoring systems. Howeveststender
these circumstances do not fully evaluate the geéoer under
maximum load and temperature. Therefore, testaldralso
be done while underway at sea. In this case, thasaring
system needs to either properly filter the 50/68k¢mal or be
able to supply a steady external reference sidral ¢an be
used to evaluate the position of the PD activityonder to
properly display the phase-resolved data and toutzk the
peak (Qm) values per IEC60034-27 [5] and IEEE 1/534

B. PD System Measuring Bandwidth

The PD system measuring bandwidth is dependent thon
sensor and the test instrument. Noise sourceprararily

from the system harmonics and pulses from the VSD

propulsion motors [Table 4].

Table 4. Noise — Effect of Harmonics (time domain)

Typical ]
ha);gqonic HN v\ ‘ \,H‘JN v [ \
ranges: -
3rd’ 7[h‘ 10h‘ . Smow
11", 12h a3, | =
239, 24" 28" | |
uptothe 100 | = | n (
(6MHz) :L\f\ \Nﬁ/’w e (LS Sy paaal ~ A

Jrot :M“’”\HJ\“'M‘“H ]

noise: 9 A I A A

40ns period | . /Y L\/h\vﬂ/u‘f Y A\K'th" v/ Yy qr"\v)l’f/“ﬁﬂ Vi L&"]L’(r (i
25MHz .
10.8Viy :

which are within the typical PD bandwidth of 50- jsolating the high magnitude noise harmonics frdwa true,

250+MHz.

erratic PD patterns.
signal-to-noise ratio. This can only be done wighsors, such

A system must provide a mawrim
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Figure 9. 80pF Capacitors installed
on a ship’s generator (11kV)

as the 80pF capacitors, that have minimal atteowadf the
PD signal frequency bandwidth while attenuatingyviligh
frequency pulses [Fig. 9]. The air-cored Rogowshki has
significant attenuation of both PD and noise. Téeite core
RFCT is impacted by the impedance of the (surgppcitor
and the cable it surrounds, so it also attenuadés signals. If
both are attenuated it is difficult to discriminatae PD from
noise. Typical measuring bandwidths for variousigetare:

e RFCT ferrite core -- 100kHz to 30 MHz [1]

* Rogowski Coils — variable bandwidths 0.1-10MHz

e 80pF Capacitors — higher than 40MHz

C. Disturbance Sources within PD bandwidth of 50-25GMH

PD pulses have unique pulse shapes, and as sueb, a
monitoring system must be able to isolate the PBepfrom
the recurring background disturbance signals thatveéthin
the PD frequency bandwidth [Table 5]. This sepanatan be
done by pulse-shape recognition or by filtering tble
disturbance-like signals so that the PD signalsdetectable
“above” the disturbance [1].

Table 5. Disturbance Sources (time domain)

wwwwwww

Background

disturbance: B

18ns period o hoa
55MHz M
-9.4V O R — T

Background
disturbance:

Variable high
frequencies up
to 5V spikes

D. Case Study 4: Effect of Harmonics

As shown in Case Study 4 with proper filtering okt
harmonics, the PD results at sea will properly@sent the data
collected at dock. This makes it possible to prigpmonitor
the condition of a stator winding while at normakding,
thermal and ambient stresses. This additionakiiiiy may not
be necessary in certain cases.
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Case Study 4. Effect of Harmonics (Filtering)

E. Case Study 5: Effect of Harmonics

Based on experience to date, it appears that wistipss
harmonic filtering is located on the high-voltagees there are
negligible disturbance signals within the PD patteHowever,
if the harmonic filters are located on the low-agk side then
disturbances may be an issue.

In these cases, the harmonic filtering on the highage
side significantly attenuates the harmonic intenfiee to levels
that do not obscure the PD patterns. As the staboding
ages, the PD patterns will emerge above the dehods, as
shown in Case Study 5.
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Case Study 5. Effect of Harmonics
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IX. CONCLUSIONS

1. With thousands of machines monitored for aglas 30
years with the same method of PD measurement, nen-li
partial discharge testing has become a recognpreden tool
to help maintenance engineers identify which statimdings
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PD sensors to a machine, and in the first measureome

obtains a Qm that exceeds thé"gfercentile of the relevant insulation of rotating electrical machines

Qm distribution, then one should be concerned eimaighe ]

PD level to take action such as more frequentrigsaind/or [6] IEEE 1434-2000: IEEE Guide to the Measurement of
off-line tests and inspections at the next conv@nieachine Partial Discharges in Rotating Machinery

shutdown.

4. Some machines made in the past decade exhibit thighe
PD activity than machines that are considerablyeiold
Therefore, newer machines do not necessarily hawee m
reliable insulation; however, this appears to bgtéd to only

a few OEMs.

5. PD Trends are different for different manufacturers
perhaps due to variability in quality control.

6. Absolute Humidity should be included in all trend
analysis, especially if surface PD (positive pred@nce) is
present.

7. Noise and disturbances from the power system and
harmonics can influence the 50/60Hz reference sgmé also

the quality of the PD signals. If present, the ®PDnitoring
system needs to filter out the impact in order rovigle valid
results.
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