O’'Hare Exposition Center « Chicago, lilinois
October 5-8, 1987

BFCH2452-1



HATION DIFFICULTIES

[
x>
o
ot

IR ROTATING ®ars

I J Kemp

Glasgow College of Technology,
Cowoaddens Road,
Glasgow G4 ORA
Seotland, U.E.

paper reperts the results of an investigation
the factore which can caunse difficulties in the
etive measurement of partisl discharges from
zulating svstems, Eesults from several
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Introdyuetrion

The electrical derectien of partisl diecharges ‘rom
high power electrical plant insulation affords an
attractive method of both monitoring & stress
condition which ecan, in itself, cavme gevere
degradation and possibly fallure of plant insularion
and provide a tbasis for estimating the overall
integrity of the insulating svstem since degradation
of  the systen, irrespective of the particular
czusstive siress, slmost invariabkly results in
partial discharge sctivicy., In addition, the nature
¢f the discharge pattern with respect to the power
cycle voltage e.g. discharge inception veltage, pulse
wagnitude, symmetry betwsen positive and negstive
half cyeles ete can provide wvaluable information on
the nature of the degradation site ané from which its
location can, in some circumstances, be inferred{1}.

Although maﬂyjpartial discharge detsctors have been

.. developed hoth privately and commercially, they
o generally  operate on  the  Same principlelz].
Although sSome general recommendstions exist
concerning the nature of the detector measuring
impedance, due 0o the variable (and often
conflicting) requirements of the detector cireuit
with respect te  such factors as resolution,
sensitivicy ete., there are o specific
recomzsndations concerning its technical
specificaticn. In cons&quence, across the spectrum
of partisl discharge detectorg, there is grest
varistion 3in such &spects as the magnitude of the
measuring impedance and the bandwidthicentre
requency utilized. It might appear superficially

than an anomoly exists in thils epproach {assuming all
Instruments wake comparable messurements) since the
signal detected by different Instruments from a given
partial dischargs source would, a2 a direct result of
this  wvaristion inm  detecror characteristics,
fundsmentally diffarent e.2. the unarrowband detectar
by definitien must only derest a emall percentage of
the total signal of & pertial discharge. Howaver,
this spparent snemoly is reconcileg by injecting a

be

partial dizcharge simulating czlibration pulge into
the detector impedance eirnuit and  comparing the
response of partial discherges with thst from rhe
calibration pulse of Lnown magnitude, Civen that the
calibration  pulse Iesponse characteristics are

similar to those of partial discharges, then it is
argued that the detection cireult, irrespeetive of
the particular processing invelved, will respond in
the seme way to bhoth t¥pes of sgignal and hence the

partvial discharge pulse magnitude San be
cinferred [3]. Hormally, this is  achieved by
‘njecting a fast rige/fsil time pulse through =
weeupling espaciter {CCE} inte  the messurement
tirenit. EGiven that the wagnitvedes of the pulss {¥}
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and  the coupling capscitante (CCC} aré known, the

detector will be eguivelent te an
discharge megnituds of 0 eculombe

response from the
gpparent terminal
where § = ¢V,
¢
Faryial
fferent Detectore
section, although
have differing
results  ohtained

Correlistion Amon
1h3

investipation cf
i : Messyrements from
A8 indicated in  the preceding
: discharge detectors
me&surement charzcteristice, the
from & given partial discharge scurce should be
comparable irrespective of the particular detectoy
utilized, through the use of the previously described
calibration tachuigue. Te investigate thig
assunption, the partial discharge activity of two
Mot orE was measured, Firstly, a 6.5 %V motor {with &
paralliels in each phase, 6 colls in esch parallel)
when energized st 4 kY rms was meagured with three
different instruments; & commercial Hipotromics
corene detector (narrowband - centered on 70 kHz), on
Sntaric Hvdro wideband detector (30 kEz to 10 MHz
bandpagsl, and & commercial Juasi-peak neter
{narrowband centered on % MHz) normally used with
the "TIVA" probe. Measurements were msde of the
complete  phase, individual paraliels and single
coils. Secomdly, a & KV motor {with & parallels inm
each phase, 5 eoils in esch barallel) vhen ensrgized
at 3 kV rms was measured for twe phases with g
commercial detector with three different
characreristics {i.e, nerrowband et 30 kHe,
narrowband at 70 kYz and wideband from 20 kHz to 200
kHz}. The individual phases were ensrgized in two
ways; (&) with all four terminals conmected together
and (b) with twoe terminals cennected together end to
the high voltage supply and the other rwe sllowed to
“float®,

Results

4 selection of the results chtained
tabulated for the 6.5 XV motor in Teble 1
4 KV motor din Table 2.

are shown
and for the

A5 can be geen from Tables 3 and 2, there is littie
or no correlation among the results of the different
detectors utilized, irrespective of the part of the
vinding investigated {.=a. rhase, parellel or noil,
This indicates 2z veakness in either the standard
calibration technigus andlor the meEssurement
circuitry. Irrespective of the particulsr cauge
however, the effect in relation ta diagnoseis testing
is profound. The Isck of an accurate cxlibration
rechnique mesns that it s impossible Lo assign en

ebsolvte magnituds to detected discherges, Thiz, in
turn makes the asssssment of ilkely vold size and

raete of digcharge dzgradation impracticsl since both
detector sensitivity cannor he sscertelined, any
inferences made from the nature of the discharge
pattern on the degradation site must be trested with
extreme caution. The end result iz that & partial

discharge cam not be used for winding acceptance
testing, until an  absolute meéans  of determining
discharge magnitudes is avatlisble, The feliowing

describes various tests which allow us to understand
Wiy theres i & difficuley in messuring winding
partisl discharges.
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30 kHz YO RHz 20200 kKHz 30 kHz-10 MHz

pl pl pC g0
Phase & 1000 875 380 57
fonnection 1
Phasze & &30 800 305 57
Comection 2
Prese B 750 108D L08 57
Conmection i
Phase B 875 1160 350 75
Connection 2
Table Z: Partis! Discharge Measurements

by Four Different Detectors

Investigation of Correlstion Amomg Different FPartisl

Digcharge Detertors a8 Function of Puise Locstion
To investigate whether this lack of correlation among
the partisl discharge messurements from different
detectors was pulse location dependent, & partisl
discharge simulating pulise {essentislly similar to
standsrd calibravion pulse) was Injected at various
pointe  along the parsilels of three different
motors, For one moter, the pulses were injected:
{&) near the detector/winding terminals, (b} at the
midpoint of the six coil paraliel, and {c¢) at the far
end,

¥or the other two motors, pulses were injected et twe
locatiems: (&) the near end ({the detectorfwinding
Juncticen} and (b)Y the far end. In all cases, the
regponses of the datectors utilized were messured a5
a function of the calibretion/discharge simulating
pulse rise time. The detectors wutilized variocusly
were 30 kHz narrowband, 70 K4z narrowband, 20 ¥Hz to
200 kHz widebend and 30 kHz ve 10 MHz wideband,

Resultrs

As can be seen from Figures 1 to 4, not only is there
no ecorrelation among the results of the different
detectors utilized at any glven pulse injection
location but elso there 3ig no correlation amoeng the
results from different pulse injection Iocations for
any given detector i.e, it might have been expecrsd
that the pulse magnitudes obtained from any given
¢erector would folleow the relationship with respect
to the injection polnts: Hesr » Middle > Far, dus ito
the Incressed sttenvation with distance from pulse
location to detectori4]. Inm respect of pulse rige
time, a2 might bave bsen expected, the detscroys
indicete a decressing sensitivity with incressing
rise time.

The regponses with respect fo
that pulse locetion s an
infiventisl fector in the overall lack of correlstion
hetween the results of different detectors. However,
the phenomenon is more complex than might have besn
inferred from the partial discharge measurements
alone since the resulte obtained are contrary to the
expected form of sttenuation.

complexity ©of these
pulze iocaetion indicates

Investigation of Effect of Invut Impedance and
Measurement Pandwidtl/Center Frecuency on
Partial Discharpe Besponse

In addition to pulse location, the other factors
which differ among the varlous partial discharge
detectors investigated sre their measuremsnt Input

Digcharge
Equivalent
{pC}
& & & & &
is00 &
o O O &
< <
1200 €
o
800 L Fa &
~ A,
fadn [ {:‘_z
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. Rise-Time (nS)
Fig.l: Discharge Eguivalent Measuremenis by Zi-
200kEz Detector for Varicus Pulse
Injectiion Locations.
Discharge
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{pC} g & & &
&
2000 L
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180G
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O
1200 | - FAY
C
800 L
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£ wid
& Far
400 L
0.01 0,03 0.3 G.3 3 3 B
. { Rise-Time {}ASE
Fig.2: Discharge Eguivalent Heasurements by
FOrHz Detector for Variocus Pulse
Injection Locations.
impedancesn arud gelected bandwldiha/center
freguensies, Te imveptigste the significance of
theze factors, sn experimental progran was designed

ve permit varistion of these factors in & conrrolisd
faghion. To this snd, the detecrtor chosen was not z
‘commercial® partial discherge detector but & Hewlets
Packard Model 85864 Freguency Spectrum Anslvser which
enzbled the display of pulses in the freguency domain
ever & wide range of controilable bandwidths and
center freguencies. In practice, the freguency
spectrun investigated was from 10 kHz to 5 MHz in two
stages, 10 kKHz to 400 RHz sné 400 kHr to & MHz., In
the case of the former, the remolution hendwidth
chogen was 3 kHz and, in the case of the latter, 10
Rz, Measurements were made of the peak pulse
amplizude from inceming pulses over thess freguency
rangse. Two inpgut Iimpedsnees were Investigssed, a
low input impedance of 50Jv, typlesl of measurement
instrumentation, and & high input impedance of 100 ke,
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-
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Injection for Different Detector
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Fig.4: Discharge Equivalent Heasurewents, Far

Terminal Helative to Keasr Terminal

for Bifferent Detector Characieristics
{Hotor Al

4id not origlinete from parvial
rather were szimvlated parviial
the celibration pulases
Thesa were injected
st warious lccation points
of an isolsted paralzez comprising
tiple parsliels.
sub-divided

sites butg
puises similar o

length

individoal Investigstions inte the

following sections?

(a}

te investigate the effect of the number of
connected coils, pulses were zlternately
injected at one end (N - Near Terminal) and then
the other (F - Fer Terminal) of e multiple coil
series. The detector wag slweys connectsd to
the Nesr Terminal., The nusber of colls betwsen
the HNear and FPar Terminals was varied from 1 te
& {the musber Iin & parellel} and, In turn, the
number of connected parsiliels was varled from 1
to & {the mubear in & phase}.

{c}

.
(23
ot

o
w
o

(k)

te investipate the effect of partial discherge
location, the detecior was elternately connected
to the Hezr Termingl and the Far Terminal of 5 &
coil series and point of puige injection wae
vavisd., In practice, pt were injested st
each cvoll end along the oo geries,

the

to imvestigate the

et fect of partisl discharge
locstion within a ive

_____ E coll, pulses were
injected at wvaricus pelrts along & coil 1n &
s#lot and detected some few coils removed.
ts investigate ths effect of ca retion
rise time, pulses of wvaristle ri
10¢ ms and 14 uws were injecte
Terminsl of & £ rcoil series and

Far Terminal.

iib pulse
se time between
d &t the Hear
detecred g1 the

te investigate the effecy of detector measurin
inmpedance, procedure xa} was repested with & 100
koo input {mpedence replecing the 50 impedance
of {&).

ined are suwmmarized below.

The genersl type of response obtained from Kear
and Far Terminsls iz ghown in Figure 5. 4n the
number of coils was varied frem 6 to 1, the
iarge peak response was  obgerved 10 move
progressively wup in  frecuency and dewn  in
ampiitude {(Far Terminsl response). The chserved
peak freguencies were, #& & function of rnusher
of connected coils, 26 kHz (for & ctolis), 3% kHz
{fer 5 ceils), 42 iz (for 4 colis), 55 kBr {(for
3 eoils), 73 kHz {for 2 coils) and 15% kHz {for
1 e¢oil). The attenuation was slsoc progressive
and producsd & meximum variation betwesn 1 coil
and & coils of sapprowimstely x3. The HNsar
Terminal response remained flat  across the
messured  fregquency spectrum  irrespective af
number of connsoted colls,

Yolts
{linear/arbitary)

Near End Injection
Far End Injection

L o o

85 84 3z 400
Freguency {kHz}
Freguency Response of Discharge
Simulating Pulse, Near End

Measurement {(500).

Varving the pulse locstion along a & ooil series
aiss resulis in & progressive change in the peak
freguency and the sssocisted magniiude.

varistion of pulse

3
Ho

variation was aoted with
locetion in & piven coll.



£4Y. inmcressing poiss riss times, sz indicated in
Figure &, produsced & progressive reduction in
the higher freguency components of the pulge
gpectrwn, The effect was noticesble for pulse

Volts
{linear/arbitary}

———

{ E00nE Rise-Time
5aS Rise-Time

10uF Hize-Time

-

!
!
]
i
i

]

i
i
;

!

: i

10 166 244 322
Freguency (kHz}
Fig.6: Freguency Response of Discharge
Simulating Pulse, Far End Injection,
pear End Detection.
fey The general type of responss chtained &t the
Fesr and Far Terminals is shown in Figures 7 (&
coil serissy. A can be sesn, uanlike {a), both
regponses are essentially similar, Again, as in
{2}, the peak moves  up progressively in

freguency && the nupber of connected coils is
decresged, The amplitude sgain alpe decreases
hut not so significantiy as in f{a}.

Volts
{linear/erbitary}

o

Hear End Injection

[ P——

Far End Injesction

322 &0
Freguency {kHz]
¥raguency Response of Discharge
Simulating Pulse, Near End Heasurement
{100 k&l

Disrussion
With respect to the results of procvedure (a}, given
that the freguency spectrum anzlyvsis iz responding in
the same way &s the individual partisl discharge
detectors investigsted  would, this  variation in
frequency responss berwsen the Far Terminal and Hesr
Terminal fealibration pulsed would explain the
differing measurements of partisl discherge ackbivity
from the same gource from different detecters {ss
dstailed in Tables 1 and 2%, Thiz is besr explained
by  considering Flgure 5, nd  considering  the

interpretation s varisble narrowband detector would
place  on  this pesult. Ae orn be  soen,  the
caiibration  pulse {fear Terminal) praduces &n
espentially  conStaEnt TeEpONIEE  ALroBs  the fregquency
speetrem and nence, irrespective of the center fre-
gquency chesen, & narrowbsnd messurement wonld vigid
the sams discharge megnitude., Hovever, depending on
the particulsar detector freguency “window” of the
spectrum chomen, & discharge pulse from 2 glven
iocation might eppear significently lerger or smaller
with respect to the calibration pulme Tesponse.
Foually, end epsin  depending o¢n the parviculsy
F “ywindow” chogern, for & fixed freguency,

freguency
on the domenant

frequency of the discharge

the
the
angd
complex LD

colils  is

The explanation of this phenemencn lies in
variabiiicy of the connected impedance betveen
sartial discharge pulse Iecztion and the detecteor
the resonance phenomens associated with
neLwsIrks. iz the number of connected
varied, although this lesves the Hear Terminal
calibration unaifected, the dominant TESDOLEE
freguency incresses from spproximately 26 kKHe for six
coils connected to approximstely 150 RHz for ome coil

connected For Far Terminal inlection. This is
congidered o ba indicstive of & resonant phenomenoen
for the following reasons. Taking any of these
freguenciss {irrespective of nuogher of conmected
coilsy and sssuming this to be the resonant frequency
for that particular nuwrber ¢f conmected coils and
eguivalent to the extremely simplified form:

¢ IR SO

ressnant

: e AT

whers L and € are the systew inductance and

capacitance respesctively angd further considering &ll
of the coils to be similar and hence having similar
values of L and €, it is pessible to estimate the LG
produst from the shove sgustion, It is then possible
to infer the LI value for any numher of connectad
ceils and the assecizted resonant freguency. On this
basis, Table 3 shows & comparisoen of the dominant
freguencies neasured for different numbers of
connected eoils and the rescnant freguencies which
could be anticipsted from celeulated LE values. As
cen be seen, there is ressonable correlstion between
the two sets of results indicating that the effect is
indeed relaved to resonsarce within the winding.

Humber of Ceils 5 5 4 3 2 i
Manuel ¥reguency 25 33 &2 55 73 1B
Galeulazed — 31 3% L4 g5 159
Freguency
Table13 Resonent Freguencies for
Kughers of Connected Colls
That the calibration pulse respomse (Hear Terminall

is small and of constant megunitude can be attriduted
to the low impedance (8000 ) of the detector vhich
dominastes over the effeer of the winding impedance
and, in conseguence, the magnitude is small {since
the grester propertisn of woltsge appesrs scross the
ealibration capacitance} and of constent magnitude
{since, in effsct, BO rESONENCE CaRn ORCULD).

Thig phenomenon of warlable
limited to the npumber of

resoneant freguency ig not
connected ceils in  the
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winding. The sswe type of phenomenon 18 present ag

1 I locatian iz varied, The rTEEonAnY
freguer i from the preceding csame
since are different, but ths
seree tyoe of T T setween the dominant
freguencies i& egein prevelent. This explenation is
consistent with thet of wWiison €t &l{5] who aize
reported resocnsnt effects for & variety of mechines.

with incressed resonant
Firstly, the

The incressed sattenuation
freguency is & function of two effects,

sttenustion in & winding due to the complex neture of

the winding impedance and the typicel loss mechanisms
is greater at

nigher freguencies, Secontdly, the
hetween the pulse source and the
Chaﬁg ng  and conmeguentiy the
irage ckaﬁges &??GQS the detector

Thie vwariati

ton in response &s & function of pulse
Iocation, asgain assuming b

comparability between the
effect of the Specirum  Analyzer and the vayious
partisl discharge detecrors investigstred, woulid
explain the apparent anomclles in Figures 1 to £ in
which pulses from Far or Mid-winding sources appear
larger than Hear injected pulses. The explanstion

tes in the response of & fixed freguency narrowhband
detecter under these cenditions. Depending on the
pulse location, the resonant freguency will change
snd  if the detecter fraguency corresponds to any
resenant freguency, that pulse will sppear leTger
irrespective of how far 1t has travelled through the
winding.

With respect to high measurement input Impedance, as
indicated in Figure 7, the respongs f{rom the Hear
Terminal eand the Far Terminal is essentially the

game, Aithougn the resonsnt  freguency shifts  as
previcusly, the Near and Far Termingl rTesponsed

remain essentially similar irrespective of the number
cf connected colls. It this case, the calibration
pulse responds to the cenmected winding, rather than
o the detector inpaut impedance and, In conseguence,
the responses from the Near apd Far Terminels are
essen*iaZIV‘ similer. Obviously, there is stiil an
sttenuation in the response as & function of losses
snd the nurber of connected coils but this effeect ig
minimized by replacing the low input impedance by &
nigh input impedance.

Finally, a& indicated in Flgure & there iz &
increasing jogs of high frequancies as the
calibration pulse vise time is increased {as would be
expected’ and confirms the results of Figures 1 and 2
which show a decrease in response with {ncresasin
rige time irrespective of pulse location.

Howsver, due
fpation to date,
g preliminary and
ttuations of the

R e

subiect te

discherge
e phenomens in & machine winding.

pulses &are

resonant respense of & partial
location ©f  the
freguency peak

2% The parvicalar
digcharge depends on  the
dizcherge in that the dominant
varies with location.

3) The sxtent to which & callbration pulse will
&

i the responze of & partlsl discharge
pulse will depend on  the input meacuring
impedance of the partial discharge detector.

e d

E=3
ot®

The degree of error introduced by the standsrd
callbration technigue will vary ss & functien &f

the foliowing fastove:
{4% detector inmpur
{44y deteotol ban
aff freguenc

{334y gischarge pulse location
{ivy palibration pulse rvise /fall time
{v)y winding lmpedance.
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