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A BSTR A CT

Steiner, Jam es P a trick . Ph .D ., P u rd u e  U niversity . M ay 1988. D igital M eas

u rem en t of P a rtia l D ischarge. M ajor Professor: W . L. W eeks.

V arious new m easurem ent techniques have been developed for a high 

voltage phenom enon referred  to  as p a r tia l d ischarge. P a r t ia l  d ischarge is a 

localized breakdow n of th e  high voltage insu lation  system  w hich is observed 

as low level, random  emissions. B oth  electrica l and  acoustic  em issions have 

been m easured in underground pow er cables, solid cast pow er tran sfo rm ers  

an d  in lum ped specim ens. T ypical problem s com plicating  th e  m easurem ents 

are  the  random ness of th e  em ission, high levels of in terference and  ex trem e 

d istortion  of the signal by th e  p ro p ag a tio n  p a th .

V arious signal processing techniques have been a d ap ted  to  the  m easure- 

m en t of p a rtia l discharge. T he techniques in v estig a ted  are  capab le  of reduc- 

ing noise in the m easurem ents an d  have provided orders of m agn itude  

im provem ent in sensitiv ity  over o rd in a ry  m ethods. Some of the techniques 

s tud ied  are  capable  of p rovid ing  info rm ation  ab o u t th e  location  of th e  p a r- 

tia l d ischarge site.
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C H A P T E R  O N E  

P A R T I A L  D I S C H A R G E

1 . 1  I n t r o d u c t i o n

This s tu d y  is concerned w ith  th e  m easurem ent of p a rtia l d ischarge in 

high voltage equipm ent. P a r tia l  d ischarge is a localized b reakdow n of th e  

high voltage in su la tio n  system  and is observed as extrem ely low level, 

random  emissions th a t  can be m easured using electrical, acoustica l, o p tica l 

or therm al techniques. T he m ost popu lar and , in m ost cases, th e  m ost 

sensitive m ethods a re  the  electrical techniques. One common th rea d  ty ing  

the  different m easurem ent m ethods togeth er is th a t  th e  observed signals a re  

very low level, ran d o m  emissions th a t  a re  corrup ted  by. noise. T he 

random ness of the  em issions com plicates m easurem ents b u t the  noise is th e  

prim ary  difficulty associated  w ith  p a rtia l d ischarge m easurem ents.

V arious types of signal processing techniques are  used to  im prove th e  

sensitiv ity  of th e  m easurem ents and  in som e cases provide ad d itio n a l 

in form ation  th a t  w as n o t previously ob ta inab le . T he techniques th a t  will be 

discussed are , for th e  m ost p a r t, s ta n d a rd  approaches th a t  have been used 

for m any  years in different applica tions and  have been successfully  a d a p te d  

to  p a rtia l d ischarge m easurem ents in th is study .

Successful a d a p ta tio n  requires th a t  the observed signals be m odeled so 

th a t  th e  necessary  changes can  be m ade in th e  techniques. M odeling of 

p a rtia l d ischarge is an  extrem ely difficult ta sk  from  th e  po in t of view of th e  

observed signal p roperties. T he difficulties arise because p a rtia l d ischarge  is 

a complex physical process th a t  is no t com pletely understood  a t  th is  tim e. 

R a th e r  th a n  try ing  to  derive signal p roperties based  on first p rincip les, a 

phenom enological app ro ach  is tak en  because of the  difficulties assoc ia ted  

w ith  developing a sa tis fac to ry  physical m odel. T he m easu rem en t techn iques 

will use m odels based  on experim entally  observed behavior and  in som e cases 

th e  m odels will no t be com pletely  accu ra te  b u t will lead to  tra c ta b le  resu lts .



In o th e r cases th e  m odels will be chosen so th a t  existing solutions to  o th er 

problem s can be utilized .

There are different problem s th a t  are  encoun tered  in the  m easu rem en t 

o f  p a rtia l d ischarge an d  each s itu a tio n  has its own problem s. A lum ped 

specim en was stud ied  in a  te s t cell th a t  provides high in teg rity  signals w ith  

little  a tte n u a tio n  an d  m inim um  in terference. In general, th e  a t t r ib u te  of 

lum ped specim ens is th a t  th e  signal is a tte n u a te d  an d  requires th a t  a  large 

am oun t of gain be used in th e  m easu rem en t system . L arge gains alw ays 

cause problem s w ith  th e  th e rm al noise in th e  am plifier, how ever, th is  is the  

sim plest noise to  deal w ith . A lso assoc ia ted  w ith  high gain is suscep tib ility  

to  ex ternal in terference. E x te rn a l in te rference  can  ta k e  m any form s an d  in 

some cases it is easily d ea lt w ith  in th e  sam e m an n er as th e  th e rm al noise 

b u t there  are  s itu a tio n s w here th e  in te rference  is difficult to  e lim inate .

D istribu ted  system s, such as cables, suffer from  th e  sam e type of 

difficulties w ith  noise as lum ped specim ens. T he difference in th e  

m easurem ent is th a t  th e  p ro p ag a tio n  of th e  signals m u st now be ta k e n  in to

account. T he presence of a  well defined p ro p ag a tio n  p a th  allows th e  use of 

estim afidn  techniques so th a t  the  p a rtia l d ischarge site  can  be located . 

V arious difficulties are  encoun tered  in estim atin g  th e  position  of th e  p a rtia l  

discharge site. These difficulties are  assoc ia ted  w ith  dispersion in th e  cable, 

reflections in the  cable an d  th e  presence of m ultip le  p a r tia l  d ischarge sites.

A nother type of d is trib u ted  p a ra m e te r  system  is th e  tran sfo rm er an d  it 

is certa in ly  the  m o st difficult to  m easure  an d  analyze . T ran sfo rm er 

m easurem ents suffer from  th e  sam e ty p e  of noise an d  in terference  problem s 

as m entioned above. T he new elem ent in th e  problem  is th a t  th e  

p ropagation  p a th s  are  m ore difficult to  define an d  describe. F ro m  an  

electrical s tan d p o in t it has been possible to  c o n stru c t linear c ircu it m odels 

as d iscrete approx im ations to  th e  d is trib u ted  p a ra m e te r  system  b u t these 

m odels ap p ea r to  be valid  only across narrow  frequency b an d s an d  a t  lower 

frequencies. A coustically , th e  p ro p ag a tio n  p a th s  escape descrip tion  except
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for very  localized sim ple m odels. T his difficulty can  be tra c e d  to  th e  highly 

nonhom ogeneous n a tu re  of th e  m ate ria ls  though, w hich th e  acoustic  signals 

m ust p ro p ag a te . ... .

1 . 2  B a c k g r o u n d

•• Q -

In th e  m an u fac tu re , in sta lla tio n , or o pera tion  of high voltage equipm ent 

sm all occlusions m ay develop in the  insulation . T hese occlusions enclose a 

different dielectric  m ate ria l th a n  th a t  used for in su la tion , and  it is often a 

gas whose dielectric  c o n stan t is m uch less th a n  m a te r ia l around  it. This 

causes an abnorm ally  high e lectrica l stress in the void an d  p a rtia l d ischarges 

m ay occur. D ischarges in voids, enclosed by dielectric  or conducto r and 

d ielectric , cause deg rad atio n  of the  insu lation . D am age resu lting  from  these 

discharges m ay lead to  to ta l failure  of th e  in su la tion  system . S tudies on 

tim e to  failure have been m ade for various types of defects [I ]. T his stu d y  

investigated  the  life tim e of dielectrics w ith  cavities an d  Fig. 1.1 shows its 

resu lts as a  double logarithm ic p lo t of field s tre n g th  vs, life. G onsider a 

typ ical cable system  for which field s tren g th s  are  on th e  o rder of 0.5 to  2 

kV /m m . As can  be seen, for re latively  m inor defects, th e  lifetim e of a  cable, 

under norm al opera ting  conditions, can  extend in to  th o u san d s of hours.

To re la te  the m easurem ents m ade to  the  d ischarge  process c e r ta in  

fu n d am en ta ls  need to  be discussed. In a  void w ith  dielectric or conductor- 

d ielec tric  boundaries two basic m echanism s are  believed to  cause 

b reakdow n. T he first is the  T ow nsend m echanism  a n d  th e  second type, 

which is believed to  s ta r t  in itially  as a  Tow nsend m echanism , is th e  s tream er 

m echanism  [24,25,2,3,4].

T he Tow nsend m echanism  is a  release of an  av a lan ch e  of e lectrons. 

W hen th e  surface of a m ate ria l is highly stressed  an d  an  energetic  p a rtic le  

or photon  of sufficient energy strikes th is su rface  an  e lectron  is em itted . 

This e lectron collides w ith  m olecules in th e  void an d  releases fu rth e r 

electrons. These electrons in tu rn  release fu rth e r e lectrons th u s  c rea tin g  an 

avalanche. The m olecules th a t  released th e  e lectrons a re  now positive ions. 

As th e  positive ions accum ulate , a  positive space charge  develops which 

enhances th e  field and  accelera tes th e  electrons causing fu r th e r  e lectron  

release. As th e  discharge continues th e  space charge  m ig ra tes h^vay from  

th e  surface. As th e  space charge m igrates, th e  field, w hich % a il bn£ ihally  

enhanced  by the positive ion cloud, is reduced an d  th is  quenches th e  electron 

avalan ch e . 'J  T :
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T be scenario  above is g rea tly  simplified and two points need 

em phasizing. T he in itializing  even t th a t  s ta r ts  th e  avalanche is random . 

F o r exam ple, it can in be gen era ted  by background rad ia tion  which has 

even ts th a t  are  often m odeled as a Poisson process. In fac t rad ioactive  

illum ination  of the  void d rastica lly  a lte rs  the observed behavior of the 

p a r t ia l  d ischarge [67]. T he second poin t is th a t  the  space charge eventually  

d e tra c ts  from  the  field and  m ost of th e  positive ions m ust be driven in to  the 

Opposite e lectrode before the  p robab ility  for an o th e r discharge becomes 

apprec iab le . In o th er w ords there  is a m echanism  which inhibits fu r th e r  

events from  occurring. A  po in t no t b rough t b u t in the above discussion is 

th a t  typ ical p a r tia l d ischarge pulses have random  energies (am plitudes). It 

is n o t clear w h a t m echanism s cause th e  random ness b u t  th is ch arac te ris tic  

has been recognized for several decades.

T h e  second type, th e  s tream er m echanism , begins w ith the  form ation  of 

e lectron  avalanches, as in th e  Tow nsend m echanism . E ssentially , the 

positive space charge causes aux iliary  electron avalanches th a t  leads to  a 

conductive p lasm a channel th a t  bridges the  void. It is believed th a t  

s tre am er developm ent is preceeded by a bu ildup of roughly IO6 avalanches

[3].

A n e lab o ra te  and acc u ra te  analysis of p a rtia l d ischarges in voids has 

been developed in [24,25]. T h a t work tak es a rigorous m a th em atica l 

ap p ro ach  using M axw ell’s equations along w ith  the  con tinu ity  equations for 

th e  various charged  species in the  void to  describe th e  p ropagation  of th e  

av a lan ch e  across the  void. T here  app ears  to  be excellent ag reem ent 

betw een  the  theo re tica lly  p red ic ted  shape  and  the  experim entally  m easured 

shape. One signal type observed in th is study  was referred to  as a slowly 

developing p a rtia l d ischarge (Tow nsend m echanism ). An exam ple of th is 

type of d ischarge is show n in Fig. 1.2. A no ther type of discharge th a t  was 

observed was referred  to  as a  rap id ly  developing p a rtia l d ischarge (stream er 

m echanism ). An exam ple of th is type of d ischarge is shown in Fig. 1.3. T he 

figures depicting  these tw o types of p a r tia l  d ischarge w ere band  lim ited to  20 

MHz an d  do no t ind ica te  th e  b road  b an d  n a tu re  of th e  signals. T ypical 

pulse rise tim es can be less th a n  I  ns w ith  pulse w id ths as sh o rt as a few 

nanoseconds. However, for large void dim ensions th e  pulse w id th  of the  

ionic com ponent can be as large as thou san d s of nanoseconds.

In m any  typ ical m easu rem en t s itu a tio n s  the  th e  received signal is so 

d is to rted  th a t  th e  original pulse shape is inconsequential. For exam ple in 

tran sfo rm er m easurem ents th e re  a re  so m any self resonances in the
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F ig u re  1.2. Slowly developing p a rtia l discharge.
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tran sfo rm er th a t  the  observed signals b ear no resem blance to  the  original 

pulse shape. A no ther exam ple is given by URD cable which is so lossy th a t  

th e  m axim um  received ban d w id th  a fte r  p ropagation  of only 500 m eters will 

be a few MHz. In bo th  of these cases th e  original w aveform  was Completely 

obscured. In these cases th e  only p a rtia lly  distinguishable ch arac te ris tics  of 

the  original w aveform  are  the  tim e of occurrence and th e  energy. T he m ost 

im p o rtan t fac to r influencing th e  observed signal is th en  th e  p rop ag a tio n  

p a th  which in m ost cases will no t be know n.

1 . 3  P r e v i o u s  W o r k

T he lite ra tu re  on p a rtia l d ischarge is extensive an d  it would be 

im p rac tica l to  try  to  give an  accoun t of the  various techniques th a t  a re  

availab le . How ever, th e re  is an  excellent reference t h a t  provides a 

com prehensive review of m ost of th e  curren tly  accep ted  m easu rem en t 

techniques [3]. This reference provides a large varie ty  of techniques covering 

m easurem ents in bo th  lum ped p a ra m e te r  system s or d is trib u ted  p a ra m e te r  

system s th a t  are  e ither capacitive  or inductive in n a tu re . T he difference 

betw een th e  w ork in th is thesis an d  o thers  is th a t  m ost m ethods do, no t tak e  

in to  acco u n t th e  random ness of th e  m easurem ent; in previous lite ra tu re  th e  

observed signals are tre a te d  as determ in istic  quan tities. T he noise T s  tre a te d  

as an  inev itab le  consequence of try ing  to  m easure low level signals and  few 

a tte m p ts  a re  m ade to  m inim ize its effects. T here are  som e exceptions b u t 

usually  little  effort is exerted  in com bating  th e  noise and  in terference.

H arro ld  [3] has perform ed extensive investigations in to  th e  acoustic  

behav ior of p a rtia l d ischarge. T he references conta ined  in [3] is no t an 

exhaustive  list of H arro ld ’s w ork b u t does provide a  reasonab ly  com plete 

list of investigations m ade in to  th e  acoustic  behavior of p a r t ia l  d ischarge.

T he thesis is different from  o th ers  because acoustic m ethods are  used 

for locating  p a rtia l d ischarge in solid c a s t transfo rm ers. These efforts are  

deta iled  in c h ap te r  four w here a rigorous developm ent of th e  m easu rem en t 

techniques is p resen ted . A  slightly  different approach  w as tak e n  an d  the  

m ain sim ila rity  betw een th is  s tu d y  an d  o thers is th a t  acoustic  signals a re  

u tilized .

A  m ost n o tab le  w ork is [21] in w hich the  fu n d am en ta l lim ita tions of 

p a r tia l d ischarge m easu rem en ts a re  discussed. This p ap e r discusses th e  

m atch ed  filtering ap p ro ach  to  am p litu d e  estim ation  in w hite  noise for u ltra
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wide band  m easurem ents. R esults are given re la ting  the sensitiv ity  of the  

m easu rem en t to  th e  ban d w id th  of the m easuring system . F u r th e r  resu lts a re  

given re la tin g  the  m inim um  sensitiv ity  of p a rtia l d ischarge m easu rem en ts to  

the  length of the  cable th rough  which th e  p a rtia l d ischarge is observed. 

This was derived using th e  bandw id th  re la tionsh ip  and the  m easured  

tran s fe r  ch arac te ris tics  of a typ ical lossy power cable.

A n o th e r m ethod , [9], by th e  sam e au tho rs, describes a p a r tia l  d ischarge 

location  technique using a correlation based system . This m ethod is in tended  

for u ltra  wide ban d  m easurem ents and  only uses one or tw o b its  of 

am p litu d e  in form ation . As a  consequence th e  resu lts are highly non linear 

a n d  it would ap p ea r th a t  subsequent processing m ight be im peded by th e  

presence of th e  non linearity . One of the  a ttr ib u te s  of correlation  analysis as 

used in tim e delay estim ation  is th a t  th e  corre lation  functions can be 

op tim ally  filtered. This aspect of tim e delay estim ation  is d iscussed in 

c h ap te r  two.

A no ther m ethod, [82], a ttem p ts  to  optim ize th e  tem poral resolu tion  of 

the  m easu rem en t using a W iener filter. T he form ulation  in [82] assum es 

th a t  th e  signal is s ta tio n a ry  which is no t th e  case for tra n s ie n t pulses. 

N arrow  b an d  exam ples are  used as illustra tions of the  technique an d  th e  

estim ate  of the  charge (am plitude) is provided by perform ing th e  in teg ra tio n

OO

Q =  /  U O ‘it
-O O

w here i0(t) is th e  optim ally  filtered cu rren t waveform . T he problem  w ith  th is 

solu tion  is th a t  the  original observed w aveform  does no t ap p ea r to  h av e  a 

DC com ponent and  therefore th e  op tim aly  filtered version can n o t have a  DC 

com ponent. T he in teg ral used to  estim ate  th e  charge therefo re  ev a lu a tes  to  

zero.

A n o th er pap er, [10], discusses th e  ad v an tag es of signal processing for 

m aking  p a rtia l d ischarge m easurem ents. T he au th o rs  s ta te  th a t  full w ave 

rectification  of th e  acoustic signals and  electrical signals can  be used to  

locate  th e  source of acoustic emissions in transfo rm ers. T he p a p e r is 

extrem ely  vague an d  it is difficult to  see w h a t m ethods th ey  are  using and  

how th e  signals a re  m odeled and  utilized  in th e  subsequen t processing.



Acoustic location m ethods are  p u t on solid m a th em a tica l foundation  in 

ch ap te r four of th is thesis in which a  sim ilar m ethod  is used for locating  

acoustic  emission sites.

; A p a rtia l d ischarge location  schem e is described in [8] b u t it is n o t 

com pletely  clear how th e  location  is determ ined . T he m ethod  is described 

using a block d iag ram  w ith  th e  critica l blocks s ta tin g  w h a t th e  block o u tp u t 

is w ith o u t any m ention  of th e  m anner in w hich th e  o u tp u t is de term ined . 

T he critica l elem ent in th e  block d iag ram  is th e  tim e of a rriv a l section  and  

it is never s ta te d  how th e  tim e of a rriva l is m easured . T he  p u rp o rted  

accu racy  is described b u t th e re  is no w ay of an a ly tica lly  verifying th is .

An energy m easu rem en t schem e is described in [83] using a  cross- 

co rre la to r. This is a  novel ap p ro ach  for p a r tia l  d ischarge m easu rem en ts 

th a t  is closely re la ted  to  som e techniques described in th is  ch ap te r . 

U n fo rtunate ly , the  au th o rs  failed to  recognize th e  trem endous pow er 

afforded using correlation  techniques. Use of sim ilar techniques can  provide 

v a s t im provem ents in system  sensitiv ity  an d  ex p erim en ta l s im ula tions have 

ind icated  th a t  m easurem ents sensitiv ities can  be im proved by a t  least th ree  

orders of m agnitude.

An in triguing new ap p ro ach  to  p a rtia l d ischarge m easu rem en ts has been 

developed in [84]. This technique app ears  to  have g rea t prom ise if a n a ly tic a l 

m ethods can be found for in te rp re tin g  th e  d a ta . A  sh o rt discussion 

concerning a m ath em a tica l fram ew ork for th is  techn ique is co n ta in ed  in 

ch ap te r  two. M easurem ents such as those found in [84] will p ro b ab ly  lead  to  

th e  next generation  of p a r tia l  d ischarge m easu rem en ts techniques.

A no ther fascinating  new m ethod  is co n ta ined  in [13] in w hich X -rays a re  

used to  excite the  p a rtia l  d ischarge process. T he techn ique involves 

illum inating  the  p a rtia l d ischarge site  w ith  a  m od u la ted  X -ray  source (via a 

chopper). T he m odulation  w aveform  is th en  cross-correlated  w ith  th e  o u tp u t 

of a s ta n d a rd  p a rtia l d ischarge d e tection  c ircu it using a lock-in am plifier. In 

essence th e  m odulation  source co rre la tes w ith  th e  changing s ta tis tic s  of th e  

ran d o m  poin t process describ ing th e  p a rtia l d ischarge. T his techn ique is 

used to  locate p a rtia l d ischarge site  by sw eeping th e  X -ray  across th e  device 

under te s t. If no p a rtia l d ischarge site  is en co u n tered  th e n  th e  co rre la to r 

does no t respond. How ever, if th e  X -ray  source illum inates a  p a r t ia l  

d ischarge site  th en  th e  co rre la to r responds w hich is th e  ind ication  th a t  th e re
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is a site  a t  th a t  location. .

G o n t r i b u t i o n s

.-.This thesis applies th e  theo ry  of digital signal processing to  p a rtia l 

d ischarge m etrology. As seen in section 1.3, which is a  lim ited search  of 

cu rren t lite ra tu re , very little  work has been done in fo rm ula ting  p a rtia l 

d ischarge m easurem ents in term s of m odern signal processing techniques. 

"!Phis thesis develops a signal processing fram ew ork by p resen ting  a signal 

m odel and  ad ap tin g  a v a rie ty  of signal processing techniques to  p a r tia l 

d ischarge m easurem ents.

T he title  of th is thesis (D igital M easurem ent of P a r t ia l  D ischarge) w as 

chosen because th e  techniques th a t  are  p resen ted  m easure  well defined 

p a ram ete rs  associated  w ith  the  p a rtia l discharge, such as its location. T hese 

p a ram ete rs  are fu ndam en ta l to  any  m ethod  aim ed a t  in te rp re tin g  p a rtia l  

d ischarge. T he inform ation p resen ted  in th is thesis m igh t be th o u g h t of as 

the  fron t end processing of any  technique aim ed a t  in te rp re tin g  p a rtia l  

d ischarge because it provides a ccu ra te  m ethods for m easuring  the  d a ta . 

Analysis of d a ta  requires th a t  a m odel be used so th a t  inferences a b o u t th e  

p a rtia l discharge can be m ade in term s of th e  m odel. A nalysis an d  

in te rp re ta tio n  of p a rtia l d ischarge is a difficult ta sk  and  is only briefly 

investigated  in ch ap ter two. T he m odel p resen ted  in c h ap te r  tw o and  

sim ilar m odels are believed to  provide th e  p ro p er m a th em a tica l tools for an y  

such investigation .
' - ' . ' . . .  .-y}' '

P a ram o u n t to  the  developm ent and  analysis of a  signal processing 

a lgo rithm  is the  use of an  a ccu ra te  signal m odel. A  signal m odel is 

p resen ted  in ch ap ter tw o which is believed to  be new to  p a rtia l d ischarge 

m easurem ents. The m odel is very  n a tu ra l for th is ap p lica tio n  and  is widely 

used in m any disciplines. In essence th is m odel tak es  in to  acco u n t th e  

random  v aria tions of bo th  the tim e of occurrence an d  th e  am p litu d e  of th e  

p a rtia l discharge. T he m odels p resen ted  are  only first o rder m odels an d  

m ore e lab o ra te  and  accu ra te  m odels could be developed w ith  fu rth e r w ork. 

However, experim ental work shows th e  consistency o f th e  m easu rem en ts  

With th e  sim ple, first order models.

Some fu ndam en ta l m easu rem en t techniques are  p resen ted  in c h ap te r  

tw o which can be of use in p rac tice . T he techniques applied  a re  s ta n d a rd  

m ethods in signal processing b u t have no t been used in p a rtia l d ischarge
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m easurem ents before. Also a m ore acc u ra te  lower bound on the 

m easu rab ility  of p a r t ia l  d ischarge is discussed in term s of a well known 

resu lt. F ina lly , a d e tection  technique for m easuring u ltra  low level p a rtia l 

d ischarge is discussed along w ith  a  technique which g rea tly  reduces the 

am o u n t of d a ta  processing required.

C h a p te r  th re e  discusses general techn iques for e s tim atin g  the  locations 

of p a r tia l  d ischarges. T here a re  several co n trib u tio n s in th is ch ap te r  re la ted  

to  th e  generalized  cross-correlator. A  de ta iled  analysis of th e  bias of delay 

estim ato rs  is p resen ted  an d  th is m a te ria l is believed to  be new. T he bia,s 

expressions a re  developed from  techniques th a t  ap p ea red  recen tly  in signal 

processing lite ra tu re  an d  are  an  extension of these  resu lts  to  p rac tica l 

m easu rem en t s itu a tio n s . Tw o new generalized  cross-correlators a re  

p resen ted  one of which is a m inim ax version. These generalized cross- 

co rre la to rs a re  used to  enhance th e  resolu tion  of th e  delay  estim ation  

m easurem ents so th a t  m ultip le  p a r tia l  d ischarge sites a re  m ore easily 

located .

P a r t ia l  d ischarge m easurem ents in cables are  discussed in ch ap te r  four 

and  several co n trib u tio n s are  p resen ted  in th is  ch ap te r . Several s ta n d a rd  

signal processing techniques a re  a d a p te d  to  th e  p a rtia l  d ischarge 

m easu rem en t in cables for th e  first tim e; system  identification , equalization  

and  generalized cross-correlation . A lso a d iscrim ination  technique for 

e lim inating  im pulsive in terference in p a r tia l  d ischarge m easu rem en ts is used 

for th e  first tim e and is im plem ented using a generalized likelihood ra tio  

te s t. A new ap p lica tio n  of th e  G erchberg-Papoulis a lg o rith m  is p resen ted  

which is capab le  of ite ra tiv e ly  rem oving th e  effects of narrow  b and  

in terference. Super-resolu tion  is investigated  using an  ad  hoc 

im p lem en ta tion  of th e  MUSIC a lgo rithm . T he MUSIC a lgo rithm  is applied  

to  th e  analysis of m ultip le p a r tia l d ischarge sites in sh o rt cables w hen d a ta  

is collected w ith  a  low b an d w id th  system . F inally , th e  pecu liarities of the 

signal m odel a re  explo ited to  provide a  sim ple high resolu tion  m ethod  for 

delay e s tim atio n  in cables.

P a r t ia l  d ischarge m easu rem en ts in  solid cast tran sfo rm ers are  p resen ted  

in c h ap te r  five. One technique th a t  is investigated  is th e  acoustic  m ethod 

which has been used for several y ears by th e  tran sfo rm er industry ; however, 

th is is th e  first tim e it h as  been app lied  to  solid c a s t transfo rm ers. 

Furtherm ore* th e  technique has been refined in a m an n er which is believed 

to  be new. C u rren t l ite ra tu re  on acoustic  m easu rem en t techniques lack the 

m a th em a tica l de ta ils  p resen ted  in c h a p te r  five an d  th is  developm ent is also
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believed to  be new. A new asym pto tic  m axim um  likelihood m easu rem en t of 

the  a tte n u a tio n  of th e  acoustic  energy is developed w hich provides a new 

m ethod for locating  p a rtia l d ischarge. A jnew, unique m easurem ent 

technique, based  on the  rf  m agnetic  fields in th e  tran sfo rm er windings, is 

p resen ted . T ogether w ith  an  asym pto tic  m axim um  likelihood a lgorithm , the 

m agnetic m easurem ents provide a new m ethod  to  locate  p a rtia l d ischarge in 

transfo rm ers. F inally , th e  sam e ad  hoc form ulation  of MUSIC, used in 

ch ap te r four, is app lied  to  th e  sig n a tu re  analysis of p a rtia l d ischarge 

w aveform s in transfo rm ers. T his new technique provides an o th e r highly 

effective m ethod  for locating  p a rtia l d ischarge in transfo rm ers .



1 4

C H A P T E R  T W O

L U M P E D  S P E C I M E N S  A N D  M O D E L S

2 . 1  I n t r o d u c t i o n

Good m odels m ake it possible for d ig ita l signal processing to im prove 

m easu rem en ts of p a r tia l discharge. In th e  p a s t, when p a rtia l d ischarge has 

been m odeled, th e  approach  has been to  develop expressions th a t  describe 

th e  physical behavior of the  indiv idual p a rtia l d jscharge pulse. W hile th is is 

of g rea t in te rest, it does no t provide the  inform ation  necessary for the  signal 

analysis used in th is thesis. In co n tra s t, the  work in th is thesis requires 

s ta tis tic a l m odels of the  en tire  observed signal process so th a t  signal 

processing algorithm s can be developed. Since tljie necessary  physical m odels 

required  to  develop s ta tis tic a l descrip tions of the observed signal process are  

no t y e t availab le  th e  ap proach  to  m odeling in th is thesis is 

phenom enological.

T he chief ad v an tag e  of using signal m odels is th a t  m any resu lts th a t  

are  availab le  in signal processing lite ra tu re  will be availab le  for a d a p ta tio n  

to  p a rtia l  d ischarge m easurem ents. D epending upon th e  s itu a tio n  different 

types of m odels will be used. If th e  observed p a rtia l d ischarge is very active  

an d  th e  pulses are no t easily sep a ra ted  th en  the  ap p ro p ria te  m odel would be 

a s to ch as tic  process. In m any cases th ere  are  only a few pulses and  single 

events a re  easily observed. T he ap p ro p ria te  m odel in th is case is a 

n o n s ta tio n a ry  tra n s ie n t m odel in which only th e  single pulse is considered.

Ind iv idual p a r tia l d ischarges are  random , tim e localized events. W hen 

ran d o m  events are  tim e localized th ey  are  often m odeled as a  stochastic  

p o in t process. T here are  various forms which a po in t process can tak e  an d  

th e  general type which will be used for p a rtia l d ischarge can be called a shot 

noise process. To charac terize  th is type of process th e  tim es of occurrence of 

th e  p a r tia l  d ischarge an d  th e  am plitudes m ust be m easured . Section 2.2 

considers various estim ates of these quan tities.



In general, m a th em a tica l analysis of po in t processes is difficult unless 

very special m odels are  used. Section 2.3 describes, in deta il, a special po in t 

process which is referred  to  as the  Poisson' process. The reason for tre a tin g  

th is  case in de ta il is th e  am o u n t of lite ra tu re  available  for th is model. Also, 

u n d er su itab le  conditioiis or in te rp re ta tio n , the  Poisson m odel appears to  be 

a valid  m odel for the  analysis of p a rtia l discharge.

In m ore a ccu ra te  analysis it m ay be desirable to  em ploy m ore 

so p h is tica ted  m odels which use m ore of th e  availab le  inform ation. Section

2.4 will consider an o th e r special m odel referred  to  as the  renewal model in 

w hich th e  m em ory of the  process is res tric ted  to  th e  previous event and  the  

in ten sity  is hom ogeneousi T he d istrib u tio n  of the  in te r-arrival tim es 

betw een  p a rtia l d ischarge pulses will be th e  im p o rtan t p a ram ete r in th is 

case.

P o in t process m odels can be of use w hen try ing  to  estim ate  various 

q u an titie s  th a t  m ay be o f  in te res t. Section 2.5 gives the  details of some 

experim en ta l work which Uses these m odels to  estim ate  fund am en ta l 

q u an titie s  associated  w ith  th e  geom etry of the  gap in which the p a rtia l 

d ischarge is occurring. M easurem ents are  m ade which can be used to  infer 

th e  size of the  gap. F u r th e r  m easurem ents are  m ade which estim ate  th e  

conductiv ity  o f  the  surface  of the  gap for high conductiv ities. Sim ilar types 

of a rgum en ts will be used in th e  analysis in la te r chap ters  when the  

locations of th e  p a rtia l d ischarge is inferred.

T echniques used to  increase th e  signal to  noise ra tio  are  presen ted  in 

section  2.6. One technique is sim ilar to  a detection  technique in th a t  a 

th resho ld  is selected to provide the  de tection  of an  event. The m ean num ber 

of level crossings o f  the  signal process a re  used to  approx im ate  the increase 

in SNR. This technique is capab le  6f d e tecting  pulses buried  in th erm al 

noise and  has provided gains in th e  SNR of the m easurem ents. The 

ad v an tag es  th a t  th is technique has over a rigorous detection  approach  is 

t h a t  th is m ethod  can be easily im plem ented w ith  s ta n d a rd  equipm ent and , 

m ore im p o rtan tly , th e  d a ta  ra te  is slow which reduces the  com putational 

load. .

2 . 2  A m p l i t u d e  a n d  O c c u r r e n c e  T i m e  E s t i m a t i o n

One of th e  m ost fu n d am en ta l q u an titie s  th a t  is of in te rest in p a rtia l 

d ischarge m easu rem en ts is th e  charge tran sfe rred  by th e  discharge cu rren t.



16

T h a t charge is defined as
' ; "f ; '

Q =  I  W  d t

w here i(t) is the  cu rren t in the p a rtia l discharge. It is easy to  see th a t  th is 

in tegral is equivalent, to  evaluating  I(w) a t  u> =  0 where I(oj) is th e  Fourier 

transfo rm  of th e  cu rren t pulse. U nfortunate ly , th is equation  is no t of m uch 

use in p rac tica l s itu a tio n s  because the m easurem ent circuits used are  a lm ost 

neverrD C  coupled to  the  partia,l d ischarge site. T he usual m anner, in which 

th is problem  is circum vented  is th rough  calib ra tion  of the system  under te s t. 

In th is n ianner th e  voltage am plitude  of the  o u tp u t from  th e  de tection  

circu it is com pared w ith  a ca lib ra ted  reference value. The problem  is th en  

to  e s tim ate  the  am plitude  of the  voltage in th e  best m anner possible an d  

some solutions to  th is problem  will be presen ted  below.

A nother fu n d am en ta l q u an tity  of in te rest is th e  occurrence tim e of the  

p a rtia l d ischarge pulse. If s ta tis tic a l analysis of the p a rtia l d ischarge 

process is desired th en  bo th  the  charge an d  tim e of occurrence a re  necessary  

pieces of inform ation . If it is assum ed th a t  th e  pulse shape is known th en  

the occurrence tim e is easily estim ated  using some very classical resu lts . 

These results will be discussed in conjunction  w ith  the  LMMSE e s tim a to r 

described below because th e  solutions are  in tim ately  rela ted .

T he signals to  be discussed will be general in n a tu re ; they  could be th e  

o u tp u t from  e ith er a narrow  band  or wide band  p a rtia l d ischarge d e tec to r. 

T he observed signal will be m odeled as

x(t) =  a ; s( t  — Tj ) +  n (t)

w here s(t) is th e  o u tp u t of th e  p a rtic u la r  p a rtia l d ischarge d e tec to r being 

used. T he pulse shape, s(t), will be assum ed known an d  is easily  m easured  

using th e  ca lib ra tio n  signal. T he am plitude , aj an d  the  tim e of occurrence, Tj 

df th e  signal, s(t), will be considered to  be random . T he noise te rm , n (t), 

Will be assum ed to  be s ta tio n a ry  and  have a pow er spectra l density  N(f). 

T he noise term , n (t), will model the  th erm al noise in the  am plifiers of the  

d e tec to r an d  th e  q u an tiza tio n  noise of the  digitizer. A ny ex te rn a l in terfering  

signal th a t  is from  a s ta tio n a ry  random  process can also be m odeled by th e
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noise term , n(t). A sm all am ount of w hite G aussian  (therm al) noise will be 

assum ed to  be p resen t a t  the  input to  th e  q uan tizer and as a consequence 

the  noise from  the  quan tizer will be assum ed to  be uniform ly d istrib u ted  

w hite noise. N o n sta tio n ary  interference such as in te rm itte n t or im pulsive 

signals no t re la ted  to  th e  desired signal, s(t), will no t be considered in the  

ensuing analysis. O th er techniques, discussed in la te r ch ap ters , will be used 

to  d iscrim inate  betw een th e  desired signal an d  in terference.

T h e  firs t e s tim ato r to  be discussed is th e  LMMSE filter, [42], and tak es 

th e  form  of a linear filter, H(cj), which is given by

H(w)
a S (w) exp( — j27rrj ) 

N(cj) .

w here S (w) is th e  complex conjugate  of th e  Fourier transfo rm  of s(t). 

c o n s tan t a  is given by

T he

a  =

1 + A }

N(cj)

w here A is th e  m ean square value of a ;. I t should be noted  th a t  the  filter 

a tte n u a te s  the  observed signal a t  those frequencies a t  which th e  noise level 

is high and  passes those frequencies where th e  noise is low. This could be 

p a rticu la rly  useful w hen com bating  narrow  b an d  interference, for exam ple 

th e  in terference due to  an  AM b ro ad cast. T he e s tim ate  of the  am plitude  is 

then  given by

a: 9  - ' (  X(W)H(W) } [_ „

As can be seen, to  im plem ent th is  filter/ it is necessary to  know th e  a rriv a l 

tim e, T1, o f th e  p a rtia l d ischarge pulse. Since the  op tim al linear filter is in 

essence a co rre lation  o pera tion  th e  e s tim ate  of th e  a rriv a l tim e is th e  tim e a t  

which th e  o u tp u t of th e  filter achieves its m axim um . This estim ate  provides 

th e  second piece of in form ation  necessary  to  s ta tis tica lly  ch arac terize  th e  

p a rtia l d ischarge process. O th e r pieces of inform ation  th a t  are  required are
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th e  m ean square value of th e  fandom  am plitudes. I t  is impossible to  know 

th is q u an tity  a priori b u t sa tisfac to ry  results have been ob ta in ed  by sim ply 

using th e  reference value from the  calib ra tion . It is also possible to  

ad ap tiv e ly  ad ju s t the  m ean square value as d a ta  becom es availab le , 

however, th is aspect was no t pursued.

T here are o ther im plem entations of T he LMMSE estim ato r which 

address different aspects of the  am plitude estim atio n  problem . One typ ical 

problem , encountered  in p rac tice , is the  estim ation  of the  am plitudes of 

closely spaced p a rtia l d ischarge pulses. W hen th is  occurs, superposition  of 

th e  pulses can cause errors in the  am plitude estim ate . As m entioned in 

ch ap te r  one, a solution to, th is problem  was given in [82]. However, th e

fo rm ulation  was incorrect and  th e  am plitude e s tim ate  for m ost cases (non-

DC coupied) is zero* The p roper solution can be found in [42] and is given
by . ... . ••

H(C) =  = ■$ a 2 S (c)

a 2 X I S (c ) |2 +  N (c) ’ H (°) 0

where j3 is defined as

1 +  f  " f
—in f  a

a 2 |S*(cVl2 

X |S (c ) p -|- N (c)
d c

- I

T his solution assum es th a t  the in p u t signal process is a hom ogeneous 

Poisson shot process w ith  in ten sity  p a ra m e te r  X Uhd th a t  th e  signal is no t

D €  coupled. The estim ate  of the  am plitude is given by

a , =  $ x (c ) H ( c )  } |t=ti

w here t ; is determ ined as th e  peak  of th e  filte r’s o u tp u t. In essence, th is 

filter perform s a deconvolution of th e  in p u t signal process. In  som e cases it 

will be necessary  to  constra in  the  so lution to  reduce th e  varian ce  of th e  

estim ate . Some typ ical co n stra in ts  for th is type of p roblem  are  discussed in 

la te r  ch ap ters . In general, deconvolution schem es of th is ty p e  provide 

increases in th e  pulse resolution on th e  order of 3 to  5 tim es before the
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variance of the  estim ate  becom es excessive.

T he second m ethod, th e  au to co rre la tio n  (AC) e s tim a to r, is an  ad  hoc 

technique an d  is very sim ple to  im plem ent. This technique is based upon a 

m axim um  likelihood a rgum en t used in a different con tex t in c h ap te r  5 b u t it 

should be no ted  th a t  th is e s tim ato r is no t a m axim um  likelihood e s tim a to r 

for th is case. The es tim ate  is form ed by ev a lu a tin g  th e  au to co rre la tio n  

function a t  zero delay, rem oving th e  bias due to  th e  noise, and  tak in g  the  

square root of th e  result. T he value of th e  tim e au to co rre la tio n  function  a t  

zero delay  is defined by

'■ T /2  ;■

>  y • /  Xi ( I ) .! .
■ \ . ; — T /2  . ■; •

where th e  p a rtia l discharge pulse is assum ed to  be co n ta ined  in th e  in te rv a l

(—- T /2  —T /2  ). It was m ore conven ien t in th is analysis to  offiit the

fac to r from  the  usual definition of the  tim e au to co rre la tio n  function . T he 

resulting value will be an  e s tim ate  of th e  sum  of th e  noise energy an d  the  

energy in th e  p a rtia l discharge pulse. T ak ing  th e  expected  value  6ne o b ta in s

E{ y j JELi } =  a;2?  +  T  o2;

where a2 is th e  variance of th e  noise and % is th e  energy in th e  signal pulse, 

s(t). T he term , T d 2, is an  u n w an ted  bias te rm  an d  is rem oved from  th e  

calcu lation  before fu rth er processing. T he final s tep  is to  ca lcu la te  th e  

square roo t of the  resu lt a fte r  rem oval of th e  bias. T he e s tim a te  of th e  

am plitude  is then

a i
V y - T o 2
‘ ■ -r=-*: • ‘ .... .

a c a lib

where a ca!ib is th e  reference level o b ta in ed  th rough  ca lib ra tio n .

One in teresting  sidelight is t h a t  th e  AC m e th o d  can  provide m eaningful 

results when ^he partia,l d ischarge ra te  is too  high to  resolve th e  ind iv idual 

pulses. C onsider the case in which the  observed signal is

. I ; : - '



where there  are  now Nx pulses in the  in te rval ( - T / 2  , T /2  ). If th e  process

is a hom ogeneous Poisson process w ith in ten sity  p a ra m e te r  X then  the  

e s tim ate  of th e  the  au toco rre la tio n  function  a t  zero delay becom es

y =  X A  % + T o 2

w here A  is th e  m ean  square value o f  th e  am plitude  defined above. T he 

o u tp u t of th e  e s tim a to r is slightly  different because it now gives an  e s tim a te  

of th e  square roo t of \A . W e no longer get an  es tim ate  of th e  m ag n itu d e  of

the  charge b u t an  e s tim ate  o f  its average rm s value.

T hree estim ato rs  were com pared  experim entally ; th e  p eak  value, 

LMMSE an d  AC estim ato rs . M easurem ents were m ade using a D a ta  6000 

w aveform  analyzer which has a n  8 b it A /D  converter and  a  general purpose 

m icroprocessor. T he m easurem ents were m ade using a precision ca lib ra tio n  

source, ca lib ra ted  a tte n u a to rs  an d  a noise generato r. Two different signals 

types w here investigated : a, b road  b an d  pulse an d  a narrow  b an d  pulse. 

These signals were chosen because th ey  are  rep resen ta tiv e  of o u tp u ts  from  

typical p a rtia l d ischarge detecto rs. T he b road  ban d  pulse had  a b an d  w id th  

of 2 MHz while th e  narrow  band  pulse had  a  b an d w id th  of 10 KH z an d  a 

cen ter frequency of 185 KHz. T he signal was fed th rough  an  a t te n u a to r  in to  

one in p u t of a sum m ing am plifier an d  the  noise source was fed th rough  an 

a tte n u a to r  in to  th e  o th e r in p u t of th e  sum m ing am plifier. In th is m an n er 

various in p u t signal levels a n d  noise levels could be m easured .

T he first m easu rem en t represen ts a typ ical ca lib ra tio n  curve o b ta in ed  

by in jecting  a ca lib ra tio n  pulse in to  th e  m easu rem en t system . T he 

ca lib ra tio n  signal w as v aried  from  1%  to  1000% of th e  full scale in p u t level 

of th e  digitizer. T he curve in Fig. 2.1 represen ts th e  non linear tra n s fe r  

function  of th e  m easu rem en t system , w ith  th e  noise bias rem oved, for 

various in p u t levels using th e  AC e stim ato r. T he curve is linear u n til th e  

full scale in p u t level is reached  an d  a fte r  th is po in t th e  m easu rem en ts begin 

being com pressed. T his ca lib ra tio n  curve can be used to  undo  th e  

n on linearity  by m apping  th e  m easured  value in to  its a c tu a l value . T he 

calib ra tio n  curve will be unique to  th e  m easurem ent system , th e  ca lib ra tin g
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Figure  2.1. N onlinear tra n s fe r  function  of m easu rem en t system
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signal an d  noise level. T he rem oval of the  b ias, T c r ,  in the  nonlinear region 

is a n  a d  hoc approach  which is no t co rrect. T he co rrect approach  uses a  

m easured  calib ra tio n  curve to  perform  the  m apping , however, th is requires a 

ca lib ra tio n  curve for each  noise level. An ad  hoc app ro ach  of su b tra c tin g  an 

equ iva len t noise bias for signals o p e ra tin g  in th e  non linear region can be 

used if a  ca lib ra tio n  m easu rem en t is m ade. T he calib ra tio n  would m easure 

a  tim e, feq, which would be the  tim e th a t  th e  d ig itizer opera ted  in its linear 

region for a given in p u t level. T he b ias th a t  is rem oved is then  Te  which 

still is n o t quite  correct b u t leads to  sa tis fac to ry  resu lts . This p a rticu la r  

n o n lin earity  is referred  to  as a soft lim iter and these resu lts were inciden ta l 

to  th e  m easu rem en ts th a t  were m ade. T here  is an en tire  b ran ch  of signal 

processing devoted  to  op tim al non linearities for use in non linear quan tiza tio n  

schem es. These were no t pursued  b u t u n d o u b tab ly  would yield im proved 

q u an tiza tio n  schem es for p a rtia l discharge.

T h e  second se t of m easurem ents illu s tra te  the  re la tive  perform ance of 

th e  th ree  different estim ato rs o b ta ined  using an 8 b it quan tizer. The 

m easure  of perform ance will be a  signal to  noise ra tio  which is defined as

SNR =  20 log [  ---- —■ meaD of estim ate  , ■

root m ean square e rro r of e s tim ate  ^  ^

F o r in p u t signals less th a n  the  full scale in p u t level of th e  d ig itizer th e  rm s 

e rro r is due to  th e  varian ce  of th e  e s tim ato r. W hen th e  signal exceeds th e  

fuff scale in p u t level of the  d ig itizer th e  rm s e rro r for the  peak  value 

e s tim a to r includes bo th  the  bias due to  the  clipping of the  signal an d  the 

varian ce  of th e  e s tim ate . This e rro r te rm  was included in th e  peak  value 

e s tim a to r because th e re  is no t a  m ethod  to  com pensate  for m easurem ents 

exceeding th e  full scale inpu t level of the  d igitizer. How ever, since it is 

possible, corrections for th e  n on linearity  and  noise b ias were m ade for the  

LMMSE an d  AC estim ato rs  w here a p p ro p ria te . Fig. 2.2 illu s tra te s  the  

perfo rm ance of th e  various estim ato rs  for different in p u t levels to  the  

d ig itizer. A  sam pling ra te  of 2.5 tim es th e  N yquist ra te  was used an d  the  

w aveform s con ta in ed  128 poin ts. T he rm s in p u t noise w as approx im ate ly  

1 /2  lsb of th e  quan tize r. As can be seen, in th e  linear region of th e  dig itizer 

b o th  th e  LMMSE an d  AC estim ato r perfo rm  alm ost 20 dB b e tte r  th a n  the  

p eak  value  e s tim a to r. In th e  non linear region, the  peak  m easu rem en t has 

large erro rs because th ere  is no t a m ethod  to  com pensate  for the
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nonlinearity . How ever, the  LMMSE and AC estim ato r m ain ta in  th e ir  

perform ance because th ere  is a technique to  m ap the  m easurem ents in to  

th e ir co rrect values.

T he final se t of m easurem ents show the  relative perform ance of the 

th ree  estim ato rs  under varying noise conditions. In these m easurem ents the 

rms e rro r is due only to the variance  of the  e s tim ato r because th e  dig itizer 

was o p e ra ted  in its linear region. T he in p u t signal was m ain ta ined  a t  a 

fixed level of ab o u t 10 %  of the  full scale in p u t level of the d igitizer. T he 

in p u t noise level was a d ju s tab le  so th a t  th e  in p u t SNR could be varied  

betw een  -10 dB an d  30 dB. Fig. 2.3 illu stra tes  th e  effectiveness of b o th  th e  

LMMSE and  AC estim ato rs  in low level m easurem ents while th e  peak  value 

e s tim a to r trac k s  the  in p u t SNR. T he AC estim ate  perform ed b e tte r  th a n  

th e  LMMSE estim ate  a t  low SN R ’s an d  it is believed th a t  losses in th e  

perform ance were observed because the  a rriva l tim e also h ad  to  be 

e s tim ated .

As was illu stra ted  by the experim ental m easurem ents the  LMMSE and  

AC estim ato rs  ou t perform  th e  sim ple peak  value estim ato r. However, 

im plem entation  of the LMMSE technique requires relatively  soph istica ted  

com putations th a t  are  tim e consum ing. Special purpose h a rd w are  is 

availab le  to  accelera te  the  calcu lations, b u t is expensive. T he AC m ethod 

provides estim ates, th a t  in these m easurem ents, were as good as the  LMMSE 

estim ate . However, the  m ajo r ad v an tag e  of th e  AC estim ato r is th a t  it is 

m uch sim pler to  im plem ent. T he hard w are  im plem entation  of th e  AC 

es tim a to r is p a rticu la rly  sim ple and  could easily o p era te  in real tim e. T he 

basic configuration could use an  inexpensive 8 b it A /D  flash converter. A 

p re -estim ate  could be calcu la ted  using a single chip m ultip lie r-accum ula to r. 

A fter rap id  collection, the  d a ta  could th en  be properly  rescaled by rem oving 

th e  b ias due to  th e  noise, correcting  for the  nonlinearity , if necessary, and  

tak in g  th e  square root. This Could be easily perform ed on any  general 

purpose m icroprocessor in an expedien t fashion for d isplay purposes.

One final v a ria tio n  th a t  should be m entioned is th a t  a  m odification of 

these  techniques would be useful in narrow  b an d  p a rtia l d ischarge d e tec to rs  

th a t  use a diode envelope d e tecto r. This technique was n o t pursued  b u t the  

im p lem en ta tion  would am o u n t to  sim ply in teg ra tin g  the  o u tp u t of th e  

envelope d e tec to r to  develop th e  estim ate . F rom  some prelim inary  resu lts it 

ap p ea rs  th a t  sim ilar gains in perform ance can be ob ta ined .
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T he results discussed above provide, solutions to  th e  am plitude  

estim ation  problem  when th e  second order s ta tis tic s  of the  no ise  are  know n. 

T he LMMSE solution is th e  op tim al solution when th e  noise is G aussian  

(assum ing the arrival tim e is know n) and is the  op tim al linear solution when 

the  noise is from a wide sense s ta tio n a ry  random  process (not necessarily  

G aussian). T he im p o rtan t question th a t  needs to  be answ ered is w h a t is the 

perform ance of the best e s tim ato r. This question can be answ ered in term s 

of a bound on the v ariance  of th e  estim ate. T he bound is the  C rarner-R ao  

lower bound and  gives the  m inim um  variance of the  am plitude  e stim ate . To 

ca lcu la te  the  bound assum ptions ab o u t the s ta tis tic a l n a tu re  of the  noise 

m ust be m ade. If th e  noise is from  a s ta tio n a ry  G aussian  random  process 

w ith  power spectra l density , N(w), then  the bound on th e  variance of the  

am plitude estim ate  is given by [41]

var( a  — a ) ^ I S M l 2

N M

where it is assum ed th a t  th e  observation  in terval is infinite and  th a t  S M  is 

the  Fourier transfo rm  of th e  un it am plitude pulse, s(t).

T he ac tu a l q u an tity  of in te res t is the  charge an d  these  resu lts need to  

be s ta te d  in term s of bounds on estim ating  the charge. Following Boggs [21] 

th e  pulse will be assum ed to  have a G aussian shape

_ j i

s(t) =  a e 2r°

w here a is the am plitude to  be estim ated . T he rms d u ra tio n  of th e  pulse is

— Th e  noise will be

V 87r2rO
. . .  N 0

assum ed to  be w hite G aussian  noise w ith the  v ariance  ---- . F o r purposes of
2

analysis an d  com parison to  th e  charge, a DC coupled system  will be used. 

Also, to  sim plify in te rp re ta tio n , a  relatively  sim ple case of a pow er cab le  will 

be considered. The charge m easured from  one end of th e  cable is

V 27rrO where Z0 is th e  ch arac teris tic  im pedance of th e  cable. T he
2 A0

given by — -j= and  th e  rm s b andw id th  is 
v 2
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SNRout
a 2&

where $  s is the  energy of th e  u n it am plitude  pulse an d  is * \/ tt Tq - The 

noise, Np, is defined as IcTeq w here k is B o ltzm an n ’s c o n s ta n t and  T eq is th e  

effective noise tem p era tu re  of th e  en tire  system . T he effective noise 

tem p era tu re  includes the  co n trib u tio n s to  the  th e rm al noise from  cable, 

m easurem ent im pedance and  am plifier. T he m in im um  m easu rab le  charge, 

w ith  th e  estim ate  having th e  (subjectively) chosen SN Rout, is

N 0 '

Qmin

( \
_8_ * '  i

'S N R p u t- - :

TT .\ >
B

N 0 has th ewhere B is th e  rms ban d w id th  of th e  G aussian  pulse an d  

approxim ate  value of 4 x IO-21 a t  th e  tem p e ra tu re  2 9 0 ° K .  As an  exam ple 

consider a typ ical ha lf k ilom eter cable w ith  Z0 =  35 an d  having  an rms

bandw id th  of B =  5 MHz. 

16 x IO^2v th en  Qmin

If th e  system  has a  NF =  4 so t h a t  

0.014 pC  for an  o u tp u t SNR of 20 dB.

is

T his

p a rticu la r num ber represents th e  th eo re tica l m inim um  m easu rab le  charge if 

th e  op tim al e s tim ato r were used. Since an  o p tim a l e s tim a to r is n o t availab le  

an  add itional loss will be incurred  from  the  e s tim a to r used b u t  will be sm all 

(on the  order of a few dB).

2 . 3  P o i s s o n  S h o t  N o i s e  P r o c e s s

Observed p a rtia l d ischarge signals a re  random  in n a tu re  an d  difficult to  

charac terize . C u rren t technology in p a r t ia l  d ischarge m easu rem en ts  ta c itly  

assum es a determ in istic  model for.' .-parti-al" d ischarge. H ow ever, to  tak e  full 

ad v an tag e  of signal processing techn iques a  s tochastic  m odel should  be used 

when m odeling a signal th a t  h as ran d o m  qualities. U flfo rtu n a te ly , p resen t 

lack of u nderstand ing  of th e  m echanism s of p a r tia l d ischarge m akes a
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stochastic  model developed from first principles still beyond reach. M o d e l s  

for p a rtia l d ischarge signals can, however, be co n stru c ted  based on 

experim ental observations. T he goal o f th is section will be to  develop a first 

o rder theo re tica l m odel for p a rtia l d ischarge th a t  will allow easy  app lica tio n  

of the  theory  to  p rac tic a l m easurem ent s itu a tio n s. This developm ent is 

tak en  d irectly  from  Snyder [61] b u t only th e  sa lien t po in ts are  m entioned.

T ypically , indiv idual p a rtia l d ischarges a re  tim e localized and  are  

random ly spaced in tim e w ith respect to  each o th er which suggests m odeling 

p a r t ia l  d ischarge in term s of a s tochastic  p o in t process. T he sim plest 

exam ple of a po in t process is the  tim e hom ogeneous Poisson process for 

which each localized event is s ta tis tica lly  independen t of th e  o thers. T here  

are  several m ethods for deriving th e  Poisson process. T he m ost in form ative 

approach  is the  constructive  m ethod in which the  tim e in tervals betw een 

p a rtia l d ischarges are considered to  be exponentially  d is trib u ted  w ith  m ean 

l / A  ? T he re su lta n t process is th en , by definition, a tim e hom ogeneous 

Poisson process w ith the  in tensity  function  equal to  a co n stan t, X. T he 

in tensity  function  X has the  in te rp re ta tio n  of being th e  m ean  num ber of 

p a rtia l d ischarges per u n it tim e. F or sm all A t th e  p ro b ab ility  of having a 

single p a rtia l d ischarge in th e  in terval (t, t  +  A t) is th en

h>Tt, t+At =  I ) =  X A t +  o (A t)

w here
o(A t)

approaches zero as A t approaches zero.

W ork by Devins, [12], showed th a t  a model for th e  s ta tis tic a l tim e lag 

associated  w ith  th e  epochs of the  individual d ischarges u n d er DC conditions 

is exponential. If th e  p robab ility  density  of the  tim e betw een p a r tia l  

d ischarges is tru ly  exponential, then  by definition, it m ust be a Poisson 

process.

M ost of th e  experim ental results th a t  will be discussed w ere m ade under 

AC conditions an d  th e  voltage across the  defect is th erefo re  a function  of 

tim e. C onsequently, th e  epochs of the  p a rtia l d ischarges will be re la ted  to 

th e  phase of th e  high voltage excita tion  (e.g., 60 Hz). If th e  process is still 

m odeled as Poisson, th is  v a ria tio n  can be tak e n  in to  acco u n t by in troducing  

a  tim e varying in ten sity  function , Xt, which is how a function  of the  

excita tion  voltage. T he in troduction  o f a tim e vary ing  in ten sity  function  

m eans th a t  th e  process is now n o n sta tio n ary . T he in te rp re ta tio n  of th is



n o n sta tio n a rity  is th a t  th e  s ta tis tic a l q u an titie s  describing th e  process are 

now functions of tim e. F o r exam ple, th e  average num ber of p a rtia l 

d ischarges occurring in th e  tim e in terval ( tj, t j  +  A t) will no t be th e  sam e 

as th e  average num ber of p a r tia l  d ischarges occurring in a different tim e 

in terval ( t2, t 2 +  A t) because  these  averages are  functions of the  tim es tj 

an d  t 2. For sm all A t th e  p ro b ab ility  of hav ing  a single p a rtia l d ischarge in 

th e  in te rv a l (t, t  +  A t) is

•P-r ( N tf t+zit —' I  ) — \  A t +  o (A t)

w here o(A t) is defined above. T his n o n s ta tio n a rity  will com plicate the 

analysis if a fu rth e r sim plification  can n o t be found.

T o sim plify th e  problem s assoc ia ted  w ith  the  above n o n sta tio n a rity , 

fu rth e r assum ptions a b o u t th e  n a tu re  of th e  n o n s ta tio n a rity  will be m ade. 

T he excita tion  voltage is a sinusoid an d  therefo re  it will be expected  th a t  

tlie  in tensity  function , Xt, will also be periodic w ith  th e  sam e period as the 

exc ita tio n  voltage. B ased on th e  assum ption  of a  periodically  varying 

in ten sity  function , th e  process is now called periodic n o n sta tio n a ry . This 

in te rp re ta tio n  is a p p ro p ria te  if observations a re  m ade during  a sh o rt tim e 

in terval, T, located  a t  a  p a r tic u la r  phase  of th e  exc ita tio n  voltage. If the  

process is observed for m any  cycles of the  exc ita tio n  voltage an d  the  process 

is periodic n o n sta tio n a ry , th e n  it is expected  th a t  on th e  average th ere  will 

be N  =  X1̂ T  p a rtia l d ischarges per cycle, w here X^ =  Xt is now 

approx im ate ly  a co n stan t. T he in ten sity  function  will be approx im ately  a 

c o n stan t for any chosen, sm all in te rv a l a t  a  given fixed phase, however, if 

th e  positioning of th e  m easu rem en t in te rv a l is m oved to  an o th e r phase of 

th e  excita tion  voltage th is  c o n s ta n t can  be expected  to  change.

T o com plicate  th e  m a tte r  fu rth e r, th e  p a rtia l d ischarge process

undergoes a  slow m etam orphosis. F o r exam ple , L uczynski [25] observed th a t  

in h is specim ens th e  process in itia lly  consisted  m ain ly  of p a r tia l d ischarge 

pulses w ith  very  sh o rt d u ra tio n s  an d  large energies. These high energy 

p a rtia l  d ischarges a re  referred  to  as rap id ly  developing p a rtia l  d ischarges. 

R ap id ly  developing p a rtia l  d ischarges occurred  rela tively  in frequently  w ith  

only a  few p a rtia l d ischarges p e r  cycle of exc ita tio n  vo ltage an d  there fo re  

having rela tively  sm all values of Xt . Luczynski [25] also observed th a t  a fte r  

a period o f  m any  hours th e  process changed  to  one w ith  a high incidence of 

slowly developing p a rtia l  d ischarges. Slowly developing p a rtia l discharges
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have longer du rations an d  low energy. T he num ber of slowly developing 

p a rtia l  d ischarges per cycle of excita tion  voltage was large im plying a large 

Xt . This change represen ts an o th e r type of n o n sta tio n a rity  and  is referred 

to  as a slowly varying n o n sta tio n a rity . If th e  m easu rem en t in te rval is 

confined to  a  sm all enough tim e period in the  en tire  h isto ry  of the  process, 

then  it can  still be considered to  be periodic n o n sta tio n ary . In th e  following 

descrip tion  th e  m easurem ents in te rvals will be assum ed to be sufficiently 

sh o rt so th a t  th e  slowly varying n o n sta tio n a rity  can be ignored.

To develop th e  m odel fu rth er, some m easure o f th e  energy m ust be 

assoc ia ted  w ith  the  occurrence tim es of the  p a rtia l d ischarges. T he m anner 

in which th is is included is to  use a m arked  poin t process [61 j. Now each 

epoch has associated  w ith  it a m ark , Ui, ind icating  its energy, which also 

can  be described s ta tis tica lly . T he assum ptions ab o u t th e  s ta tio n a rity  of the  

process w ith  in tensity  function  Xt can also be m ade ab o u t the  tim e varying 

n a tu re  of th e  param eter(s) describing th e  m ark  d istrib u tio n . For the Poisson 

m odel the  m ark  process will be considered to  be independen t of the  

occurrence tim es and  th a t  th e  individual m arks, Ui, will be independen t of 

each o ther.

T he reason  for discussing th e  Poisson process in d e ta il is th a t  th is 

m odel is the  easiest to  m an ip u la te  m ath em atica lly . L ite ra tu re  abounds w ith  

resu lts concerning th e  Poisson process and  several resu lts will be p resen ted  

which app ly  to  the  p a rtia l d ischarge m easurem ents m ade in th is thesis. The 

assum ptions required for th e  p a rtia l d ischarge process to  be a  Poisson 

process are  very  restric tive  and  th is m odel m ay no t app ly  in all cases. 

How ever, w hen a m ore com plete m odel is developed for p a r tia l d ischarge a  

lim it theo rem  will be p resen ted . Using th is lim it theorem , a  m ethod to  

sam ple th e  p a rtia l d ischarge process will be discussed which allows one to  

in te rp re t it as a Poisson process.

T here  are  various assum ptions w hich can be used to  define a m arked  

Poisson process an d  th e  following conditions are  an  exam ple of one se t of 

conditions which have th e  ad v an tag e  th a t  th ey  can be easily  modified to  

ad m it non-Poisson m odels. T he first assum ption  th a t  is m ade is th a t  the  

process is conditionally  orderly  w hich m eans th a t  m ultip le  events can  no t 

occur sim ultaneously . ■ T his is a  reasonab le  assum ption  because it is highly 

unlikely th a t  tw o p a rtia l d ischarges can  occur sim ultaneously  (the pulses 

could be se p a ra ted  by a pico-second or fem to-second) T he second 

assum ption  th a t  is m ade is th a t  th e  process develops w ith o u t aftereffects
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which m eans th a t  th e  p a s t h isto ry  of the  p a rtia l discharges is independent of 

th e  fu tu re  behav ior o f th e  p a rtia l  d ischarges. In o ther w ords all previous 

p a rtia l d ischarges will no t influence th e  behavior of any p a rtia l discharges in 

th e  fu tu re . A lso a finite, in teg rab le  function , X1, called the  in ten sity  of the  

process, is assum ed to  exist. T he th ird  assum ption th a t  is m ade is th a t  

P r( bJt(i =  0 )•== I where t 0 is th e  beginning of the in te rval on which the  

Poisson process is defined. This sim ply m eans th a t  the num ber of p a rtia l 

d ischarge  pulses counted  a t  the  beginning instance of observation  is zero. 

T he final assum ption  is th a t  th e  m arks are  m utually  independen t and  

in d ep en d en t of th e  Poisson process.

As m entioned  these  conditions are  restric tive  and  it is informa,tive to  

consider th e  ap p ro p ria ten ess  of th e  assum ptions. T he conditional orderliness 

res tric tio n  can  be rem oved by tre a tin g  m ultip le  occurrences as a m ark . This 

m igh t be useful if a  single d ischarge were considered to  be a m ultip lic ity  of 

s im u ltan eo u s events, for exam ple the  num ber of e lectrons in th e  p a rtia l 

d ischarge. E volution  w ith o u t aftereffects is an assum ption  th a t  could be 

difficult to  ju s tify  in some s itu a tio n s. In various cases th e re  appears  to  be 

an  influence of previous p a rtia l d ischarge behavior of fu tu re  behavior. The 

independence of th e  m arks is also an assum ption  th a t  m ay no t-a lw ay s be 

a cc u ra te . In some cases th e re  ap p ears  to  be a dependency betw een the  

coun ting  process and  the  m arks. If these cases are  considered th en  highly 

com plex m odels are  required.

T he sim plest m odel th a t  can be used is th e  tim e hom ogeneous Poisson 

sh o t hpise process [61]. In th e  case of a tim e hom ogeneous Poisson m odel 

th e  tim e betw een the  occurrences of th e  p a rtia l d ischarges will be 

exponen tia lly  d is trib u ted  w ith  density

P( O  =  Y  e X u( r )

w here th e  average num ber of events per second is X. E ach  of these events 

c a n  be considered to  be d e lta  functions occurring a t  random  tim es, w ith  

ran d p m  a reas  passing th ro u g h  a  linear filter, h (t), as dep ic ted  in Fig. 2.4. In

th is  case th e  observed signal, s(t), is given by

" . . V t  -
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f a )

(b)

( c )

v t

F igu re  2.4. G enera tion  of signal using the m odel, a) M arked poin t process, 
b) L inear filter, c) R esu lting  filtered process.
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s(t) =  E  a i ${ t 't  t j ) * h (t) ; -
; V V .  ■" . ■ ■■ i - l  ' .. . -  /  , : /V

w here A1 is th e  random  a rea  of the de lta  function  (the m ark) and * is the  

convolution o p era to r. T he linear filter, for m ost p rac tica l purposes, can  be 

coiisidered to  be the cascade of the im pulse responses of the p ropagation  

p a th  an d  th e  detection  circuit. In general th is will no t be tru e  because the 

physical behavior of th e  p a rtia l discharge itself determ ines the  shape of th e  

pulse. An excellent exam ple of such a case is provided by the  slowly 

developing p a rtia l d ischarge whose shape is de term ined  by the  physical and

geom etrical p roperties of the  void. However, in m ost cases the  tru e  shape 

w ill be m asked by th e  im pulse response o f th e  filters (m edium ) th rough  

which it is observed. A  m ore com plete m odel could include the  random  

v aria tio n  of the  im pulse response. This random  v aria tio n  could arise In a 

num ber of ways, for exam ple, the  random ness of th e  individual discharge 

itself could cause fluctuations in the th e  pulse shape. A nother m an n er in 

w hich the  im pulse shape could become random  is if th e  p a rtia l d ischarges 

a re  em an atin g  from  different positions in th e  device u nder te s t. In th is case 

th e  random  varia tio n  will be due to  th e  im pulse response of th e  different 

p ro p ag a tio n  pa ths.

As m entioned above a fu rth e r com plication can be included by assigning 

a  m ark  to  each random  event. /These m arks need no t be restric ted  to  ju s t  

th e  random  am plitude, charge or energy of th e  individual p a rtia l d ischarge 

pulse. In general, a m ark  is any auxiliary  random  variab le  associated  w ith  

th e  epoch of the  p a rtia l discharge. Suppose th a t  th e re  are tw o se p a ra te  

p a r tia l  d ischarge sites th en  th e  m ark  could be th e  position of th e  observed 

p a rtia l d ischarge in terior to  th e  device under te s t. B oth  of th e  am plitude  

an d  position  m arks can  be com bined in to  a  single vector m ark . A no ther 

exam ple would be td  use th e  p a rtia l d ischarge type  as th e  m ark , it could be 

e ith e r a slowly or rap id ly  developing p a r t ia l  d ischarge. T he s ig n a tu re  of a 

p a rtic u la r  p a rtia l d ischarge m ight be used if extrem ely complex s tru c tu re s  

a re  being m easured  (e.g., a  transfo rm er). T his case would also correspond to  

p a rtia l  d ischarges located a t  different positions.

T h ere  are  various quan titie s  th a t  are  of in te res t w hich can be o b ta in ed  

from  th e  m odeling. F or complex (non-Poisson) m odels it is som etim es only 

possible to  calcu late  some of the  m om ents b u t for the  Poisson shot noise 

m odel it is possible to  derive a com plete s ta tis tic a l descrip tion . T h is
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description is in term s of the  charac teristic  function of a m arked , filtered 

Poisson process and is given by [61]

M t(j w) exp

t

f \  E
t<)

exp( j wh( t, r  : u )) I ] d r

where u  is th e  m ark  vector and  h is the pulse shape. A sim ilar expression 

for the  jo in t ch arac teris tic  function for y t a t  tim es t lr and  t 2 is given by

M t,,1,0 coV J aV)

exp -

to

J  \  E exp[ j  W 1 h( t 1( T  : u  ) +  j W2 h( t 2, r  : u  )] — I d r

These expressions are useful for calculating the m om ents of th e  process for 

exam ple the  average charge is given by

OO

Qavg =  /  E { a M ) Mt ) Mt ) d t
-O O

where bo th  the  am plitude and in tensity  are considered to  be periodic 

functions of tim e.

I n  l a t e r  c h a p t e r s  h i g h e r  o r d e r  m o m e n t s  of t h e  f i l t e r e d  p r o c e s s  will b e  

used in the  analysis of different techniques. Second order m om ents a re  th e  

basis of m any signal processing algorithm s because these m om ents are  easily 

utilized  in the  analysis. F u rtherm ore , second order m om ents are  easily 

m easured using s ta n d a rd  (highly developed) sp ectra l estim ation  techniques. 

T he au toco rre la tion  function  of the  shot noise is given by
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R( t 1( t 2 ) =  J  K  E I h( t 1? T : u  ) h( t 2, r  : u  ) J d r

11 ' . - to

+  /  Xr E [ h( t l5 T : u  ) ] d r  J  X. E [ h( t 2, r : u  ) j d r
t(>

where th e  expecta tion  is tak en  w ith  respect to  the  m ark . T he case th a t  is of 

m ost in te res t in the  following ch ap te rs  is th e  cross-correlation  function  of 

th e  shot noise passing th rough  tw o dissim ilar, tim e-in v a rian t, linear filters. 

T ypical observation  windows are  sh o rt w ith  respect to  th e  period of the 

process (5 /is vs. 16.66 ms). In th is respect th e  in tensity  function  will be 

considered to  be a co n stan t. F or tw o different filters, h ^ t )  and  h 2(t) the  

cross-correlation function  is

R # )  =  (a ,)2 X| /  h j( t)  d t /  h 2(t) d t
' — OC —oo

+  \  I  h 1( ' )) h 2 ( '  +  o )  d 'y

where it is assum ed th a t  th e  s ta tis tic s  of th e  am plitude  are  functions of 4> 

b u t co n stan t in th e  observed window. T he subscrip t <f> is used to  ind icate  

th a t  these resu lts apply  only to  th e  sm all window located  a t  phase <jh The 

power sp ec tra l density  of the  p a rtia l d ischarge is th en  easily found by le tting  

h j =  h 2 an d  tak in g  th e  Fourier tran sfo rm  of R t̂ r)  yielding S^(w).

O th er disciplines have found th e  Poisson m odel to  be of g rea t use in 

s ta tis tica l inference of th e  underly ing n a tu re  of the  m echanism s generating  

th e  process. One app lica tion  of th e  Poisson model is for m aking a 

s ta tis tica lly  based  decision ab o u t th e  ty p e  of process being observed. For 

exam ple a  hypothesis tes tin g  procedure  could be used to  determ ine w h a t 

ty p e  of p a rtia l discharge process is being observed. Som ething sim ilar to  

th is is p resen tly  being perform ed on a  regu lar basis by opera to rs  of 

com m ercial p a rtia l d ischarge de tec tio n  equipm ent. A  GIG RE rep o rt, [87], 

gives list of expected  d e tec to r o u tp u ts  for different p a r t ia l  d ischarge types. 

Two papers, [88,89], were recently  p resen ted  which describe th e  use of expert 

system s, based  on the  CIGR E rep o rt, for determ in ing  the  type of p a rtia l
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discharge being observed. Using a hypothesis testing  procedure, based on 

the  Poisson m odel, could lead to  a sim ilar system . A n o th er prom inen t 

application  in s ta tis tic a l inference is the  estim ation  of various p a ram ete rs  

associated  w ith  fac to rs influencing th e  behavior of th e  po in t process. This 

p a rticu la r  app lica tion  could be used for investigating  th e  influence of 

physical changes on the  p a rtia l d ischarge process. If the  s itu a tio n  had 'been 

catalogued then th e  reverse problem  is possible; determ ine th e  values o f the 

variab les controlling the  p a rtia l d ischarge. Some work, o th er th a n  th a t  

conta ined  in th is thesis, has been perform ed on th is problem . In the  p a s t 

few years a new m easurem ent technique has been developed, [84] which in 

essence m akes th e  m easurem ents of p a rtia l d ischarge in the  m anner to  be 

presen ted  below. However, the  m easurem ents are  no t analyzed  using th is 

fram ew ork.

Both of th e  app lica tions, discussed above, require th e  use of a likelihood 

ra tio  for the  observed process. T he few resu lts p resen ted  th u s  fa r  were 

concerned w ith  the  in teg ra ted  response observed th ro u g h  a linear filter. In 

some cases th is is the  desired ap proach  for analyzing  p a rtia l d ischarge. Now 

suppose th a t  th e  estim ation  procedures discussed in section 2.2 are  used to  

estim ate  bo th  th e  occurrence tim e an d  m ark  of each  event. T he resu lt is a 

sequence of points, ( tj, U; ) which can be used in th e  analysis of th e  po in t 

process via the  likelihood function. In th e  analysis th a t  follows it will be 

assum ed th a t  only th e  sequence of points is availab le  for use.

An im p o rtan t function  associated  w ith  th e  analysis of th e  Poisson 

process is a  function  referred to  as the  sam ple function  density  [61]. T he 

sam ple function  density  can be roughly described as th e  p robab ility  o f 

observing a p a rticu la r  realization  of th e  po in t process. F or a  u n iv a ria te  

Poisson process (w ithout m arks) th e  sam ple function  density  is given by

P [ { N„; t 0 ^  <7 <  t  } I a  J  =

/

exp

t t

I  M a )  + I
t o t()

where the  second in teg ral has th e  evaluation
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J  In [Xf7( O ) ]  X i N f7 =  V  In [XtJ
■ ' ' t () " . ‘ - i = l

'■ ' ' . i- ■ ' ■' ' ’ ' ■

T he v ariab le , o , is a non-random  p a ra m e te r  th a t  is associated  w ith (and 

m ay contro l in some sense) th e  p a rtic u la r  process being observed. In the  

e s tim atio n  problem  o  will be th e  variab le  th a t  is under s tu d y  and  will be 

e s tim a ted . In th e  hypothesis tes tin g  problem  o can be th o u g h t of as an 

index to  th e  process being observed an d  will be an  integer; in th e  b inary  

problem  o =  0, I.

F o r a m arked  Poisson process the  sam ple function  density  is given by

Xjt; .to  ^  Cr <  t  }  I a

exp  ̂ -  J  Xjt(Q) d o  -k J : In [Xjt(O)] dN* + £  In [ P ( U i J a  ) JNt(Ui)
t,, t 0 : i =  l

F or a m arked  Poisson process th e  sam ple function  density  can be also be 

w ritten  as

=  i l  P  f {  N j7(Ui); t 0 ^  cr <  t } I o
i=1 L -

w here th e  process has been quan tized  an d  sp lit along th e  level U i so th a t  

th e re  a re  now sub-processes each having i t ’s own sam ple function  density  

given by

P  [ {  X f j ; t 0 ^  a  <  t  I

p  [ ( N jr( U i ) ;  t 0 ; <  } = I W - J -

exp

t  • \  t

- J  P M  I a)X „(a) d<r +  J  ln[P( U i I a  )X„(a)| J N 17( U i)

to to
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T his rep resen ta tio n  follows from  an extrem ely im p o rtan t theorem  discussed 

in [61 ] in which a m arked  PbiSson process can be represen ted  as a 

Superposition of sub-processes. E ach  of these sub-processes is a Poisson 

process w ith  i t ’s in tensity  function  given by

'  ̂ ' . ... X „ ( r t ; i ) _ P ( U ,  :

where th ere  a re  now M sub-processes for ( i =  I, 2, .A4 ) for M q u an tiza tio n  

Ieyels. This ch a rac te riza tio n  can also be ex tended  to the  continuous case, 

how ever, m easurem ents b y  n a tu re  are  quan tized  so it seem s th a t  the 

denum erab le  case is th e  m ost p rac tica l to  discuss. T he fac to riza tio n  of th e  

m ark ed  Poisson process in to  M sep a ra te  processes is an extrem ely im p o rtan t 

and valuab le  tool for analysis.

A no ther type of analysis can be perform ed if a coun t ra te  h istogram  is 

u tilized. T he above form ulations assum e th a t  all in form ation  is available; 

the  exac t tim e of occurrence of each poin t in order of occurrence. Collecting 

d a ta  can  be difficult in situ a tio n s w here the  d a ta  ra te  is high and  the  

ob serv a tio n  in te rv a l long. However, there  are  in s tru m en ta tio n  techniques 

availab le  th a t  allow high d a ta  ra te s  and  long observation  in tervals while 

rem aining cost effective. Using these techniques, only th e  num ber of counts 

in a  p a rtic u la r  q u an tiza tio n  segm ent, ( ^ i , U i) w ould be recorded in term s of a 

h istog ram  using a h istogram ing m em ory (which are  com m ercially  availab le). 

The d a ta  collection system  would collect the  num ber of counts in each bin 

w here each  bin would be assigned to  a sm all phase window and  charge 

window. A nalysis of th e  m easurem ents would then  proceed in term s of the  

num ber of counts in each bin. T he h istog ram  will be a t  least a tw o 

dim ensional h istog ram  w ith  the  num ber of dim ensions being equal to  p+1 

where p is th e  dim ension of th e  m ark  space. F or a one dim ensional m ark  

space th e  p ro b ab ility  of observing a p a rtic u la r  h istog ram  con tour ( a contour 

along U i) is given by

P r { N tjJ1, t/U j) =  Oj; j -  I , k I , a  } .=?.
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k

<
\

t J

n J
b

1 1  •
j = i

[ ( H j ) ! ] - 1 J  P ( U i  | < * ) X » d a

tj I

e x p -  /  P ( U ,  I a ) X , ( „ )  d a

tj !

w h e r e  i t  i s  a s s u m e d  t h a t  t h e  c o u n t s  n j  w e r e  c o l l e c t e d  i n  k  s u b - i n t e r v a l s  o f  

t h e  i n t e r v a l  ( t 0 , T ) .  T h e  i n t e r v a l ,  ( t 0 , T )  w o u l d  b e  a n  i n t e g r a l  n u m b e r  o f  

p e r i o d s  o f  t h e  e x c i t a t i o n  v o l t a g e  a n d  t h e  s u b - i n t e r v a l s ,  ( t j _ 1 , t j ) ,  w o u l d  b e  

t h e  p h a s e  i n t e r v a l s  </>j) o b s e r v e d  o v e r  t h e  i n t e g r a l  n u m b e r  of p e r i o d s

u s e d .  S i n c e  t h e  m a r k s  a r e  a s s u m e d  t o  b e  i n d e p e n d e n t  o f  t h e  c o u n t i n g  

p r o c e s s  a n d  i n d e p e n d e n t  f r o m  e a c h  o t h e r  t h e  p r o b a b i l i t y  o f  o b s e r v i n g  t h e  

n u m b e r  of c o u n t s  i n  t h e  s u b - i n t e r v a l s  ( I j J 1, t j )  ( t h e  p h a s e  b i n )  b e c o m e s

P r {  N t j 1Ztj ”  n j! J =  U  k  j O' }  =

M P r { Ntj „ t / u i) -  nj ; i  =  i ,  -r k I «  } ■
i =  l

U s i n g  t h e s e  e q u a t i o n s  t h e  l o g  l i k e l i h o o d  f u n c t i o n  i s  e a s i l y  s e e n  t o  b e

- M

■ * »  = E  ^ i ( a )
i=  I

w here

T k tj

e  | ( « )  -  -  /  p ( U j  I « ) V ( « )  d < 7  +  ■ 2  7  H  p ( u i I « ) M “ )  < • "  I
to  J =  I tj_ ,

I t is in te res tin g  to  note th a t  th is likelihood function  is th e  sum  of the 

likelihood functions for each charge bin .

Now th a t  th e  basic form ulas have been p resen ted  th e ir  use will be 

described for different s itu a tio n s. T he sam ple function  density  is the  more 

useful of th e  tw o ch arac te riza tio n s  because it uses a l l  of th e  inform ation  

availab le . T he likelihood function  for th e  count ra te  d a ta  is m ore restric tive 

because it ignores po ten tia lly  useful d a ta  (the occurrence tim es). However,
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as pointed  ou t, d a ta  collection requirem ents are g reatly  reduced using the 

count ra te  approach . F u rth erm o re , the  am ount of num erical analysis is 

reduced because of the  com pression in d a ta . For these reasons, em phasis 

will be p laced on the  count ra te  analysis b u t the  techniques are com pletely 

analogous for the  sam ple function  density  analysis. In the following, 

reference will be m ade to th e  likelihpod function which can be e ither the 

count ra te  likelihood function  or the sam ple function density  because the  

sam ple  function  density  is the  likelihood function for the  tim e d a ta .

T he first case to  be discussed is th e  estim ation  problem  in which a 

v ariab le , a , influencing the p a rtia l discharge process, is estim ated . The 

value of cx which m axim izes th e  likelihood function is the value of d  which 

m axim izes the  p robab ility  of observing the  recorded d a ta . In o th er words 

m axim ization  of the  likelihood function  (or i t ’s logarithm ) w ith  respect to  a  

gives th e  m axim um  likelihood estim ate , a ml, of cx. Solution of the likelihood 

equation  will yield an  e stim ate  of a

d  C ( a )

d  cx "=S-ml

T he solution can easily be extended to  a p a ram ete r  vector a . As an 

exam ple, consider the  estim ation  of the in tensity  of th e  process in term s of 

th e  coun t ra te  d a ta .

d € jX( > Ui )] 

d  X( ( P j ,  U i )
=  0

T h e  m a x i m u m  l i k e l i h o o d  e s t i m a t e  i s  t h e n

I ; ; • ■

* . v . njK )  ■ .
K A  cPi, Ui ) =

w here it is assum ed th a t  each phase  bin was observed an  equal am o u n t of 

tim e an d  t 0 =  0 •; :

E stim a tio n  of p a ram ete rs  influencing the  p a rtia l d ischarge process 

requires a priori knowledge of the  functional form  of X(a). These functional 

form s could be theo re tica lly  p red ic ted  b u t as a lready  m entioned sufficient



u n d erstan d in g  of the physics of th e  process is lacking for th is approach  to  be

fru itfu l. T he a lte rn a tiv e  procedure is the  phenom enological approach  in 

which p a rticu la r  situ a tio n s are  m easured while carefully controlling the  

variab le  to  be exam ined. T he desired end resu lt is a  functional form for th e  

dependence of the in tensity  on the  Variable in question. Two exam ples of 

th is procedure are investigated  in section 2.5. Once th is p a ram ete riza tio n  

has been accom plished, th en  the  next tim e th a t  th is s itu a tio n  is 

encoun tered , the  variab le  can  be estim ated  based  upon th e  previously 

m easured  functional form . T he m easurem ents m ade in [84] a tte m p t to  

p a ram eterize  th e  behavior of p a rtia l discharge h istogram s sim ilar to  the  type 

developed here for voids w ith  different geom etries.

T he proposed procedure p resen ts an insurm ountab le  ta sk  in a ttem p tin g  

to  param eterize  all p a r tia l d ischarge types for all possible variab les. T he 

resu lts from  th is impossible ta sk  would certa in ly  be a  desirable d a ta  base, 

how ever, th e  purpose of th is exposition is no t to  propose th e  developihent of 

such a d a ta  base. R a th e r, it is to  presen t a m ath em a tica l fram ew ork, under 

which p a rtia l discharge can be stud ied . S tudy of p a rtia l d ischarge in th is 

m anner m ay lead to  a g rea ter u nderstand ing  of th e  m echanism s th a t  

influence i t ’s behavior.

2 . 4  H i g h e r  O r d e r  M o d e l s

T he Poisson model conta ined  in the  previous section assum es th a t  all of 

the  events are  s ta tis tica lly  independent of each o th er w ith  exponentially  

d is trib u ted  inter-ocCurrence tim es and  in certa in  s itu a tio n s  th is m ay be a 

reasonable  assum ption. T here are  instances in which th e  in ter-occurrence 

tim es are  clearly no t exponentially  d is trib u ted  and th e  Poisson model will be 

incorrect. F u rtherm ore , th ere  are  situ a tio n s where th e re  app ears  to  be a 

dependence betw een events an d  in these case it is m ore ap p ro p ria te  to 

describe th e  p a rtia l d ischarge process w ith  more e lab o ra te  m odels. Use of 

m ore e lab o ra te  m odels for s ta tis tic a l inference will give b e t te r  results 

(assum ing th e  m odels are accu ra te) because the in form ation  is being used 

correctly . However, w hen th e  m odels for a po in t process becom e m ore 

e lab o ra te  th e  analysis soon becom es in trac tab le . T here  are  some m odels and  

special cases in which resu lts  can  be ob ta ined . One po in t process which 

m odels th e  dependence betw een the  events and is som ew hat tra c ta b le  is th e  

self exciting point process. Self exciting processes m odel dependencies
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b e t w e e n  e v e n t s  i n  t h e  p r o c e s s  a n d  t h i s  m o d e l  s e e m s  w e l l  s u i t e d  f o r  m o d e l i n g  

p a r t i a l  d i s c h a r g e .  R e f e r r i n g  b a c k  t o  t h e  c o n d i t i o n s  f o r  t h e  p a r t i a l  d i s c h a r g e  

p r o c e s s  t o  b e  P o i s s o n  t h e  c o n d i t i o n  t h a t  i s  r e l a x e d  f o r  t h i s  c a s e  i s  e v o l u t i o n  

w i t h o u t  a f t e r e f f e c t s .

A  s e l f - e x c i t i n g  p o i n t  p r o c e s s  i s  o n e  in  w h i c h  t h e  i n t e n s i t y  o f  t h e  p r o c e s s  

i s  n o w  a l l o w e d  t o  b e  a  f u n c t i o n  o f  t h e  p a s t  e v e n t s .  T h e  i n t e n s i t y  f u n c t i o n  

f o r  t h e  p r o c e s s  i s  g i v e n  b y

\  U;

P ( U i )  t O <  t  =  W 1

■ P ( U i )  M t (  N t ; W 1 , r .w N r ) ,  w Nt  <  t  ^  w Nt m

w h e r e  t h e  m a r k s  a r e  a s s u m e d  t o  b e  i n d e p e n d e n t  o f  t h e  c o u n t i n g  p r o c e s s  a n d  

o f  e a c h  o t h e r .  T h e  v a r i a b l e s ,  W j, a r e  t h e  o c c u r r e n c e  t i m e s  o f  t h e  p a r t i a l  

d i s c h a r g e  p u l s e s .  T h e  e q u a t i o n  s t a t e s  t h a t  t h e  p r e s e n t  i n t e n s i t y  a t  t i m e ,  t ,  

i s  a  f u n c t i o n  o f  t h e  n u m b e r  o f  p r e v i o u s  e v e n t s  a s  w e l l  a s  t h e  t i m e s  a t  w h i c h  

t h e y  o c c u r r e d .  I n  o t h e r  w o r d s  t h e  p r o b a b i l i t y  o f  o b s e r v i n g  a  p a r t i a l  

d i s c h a r g e  in  ( t ,  t  +  A t  )  i s

p (  N t , t + A t  =  I  I N t ; W 1 , , . . W ^ i - U i ) =  X t u . A t  +  o ( A t )

f o r  s m a l l  A t .  T h e  s a m p l e  f u n c t i o n  d e n s i t y  c a n  b e  w r i t t e n  d o w n  f o r  t h i s  c a s e  

a n d  c a n  b e  f o u n d  i n  [ 6 1 ] .  I n  g e n e r a l  t h i s  p r o c e s s  i s  s t i l l  d i f f i c u l t  t o  a n a l y z e  

a n d  f u r t h e r  s i m p l i f i c a t i o n s  c a n  b e  u s e d .

A  w i d e l y  u s e d  m o d e l  w h i c h  i s  s i m i l a r  t o  t h e  P o i s s o n  m o d e l  i s  t h e  

r e n e w a l  m o d e l .  I n  t h i s  c a s e  t h e  i n t e r a r r i v a l  t i m e s  a r e  s t i l l  c o n s i d e r e d  t o  b e  

i n d e p e n d e n t ,  i d e n t i c a l l y  d i s t r i b u t e d  r a n d o m  v a r i a b l e s  b u t  t h e y  n o  l o n g e r  

h a v e  a n  e x p o n e n t i a l  d i s t r i b u t i o n .  T h e  r e n e w a l  p r o c e s s  h a s  i n t e r - o c c u r r e n c e  

t i m e s  t h a t  c a n  h a v e  a n  a r b i t r a r y  d i s t r i b u t i o n .  T h e  r e n e w a l  p r o c e s s  i s  a  

s p e c i a l  c a s e  o f  t h e  s e l f  e x c i t i n g  p o i n t  p r o c e s s  i n  w h i c h  t h e  i n t e n s i t y  f u n c t i o n  

i s  h o m o g e n e o u s  a n d  d e p e n d e n t  o n  o n l y  t h e  p r e v i o u s  e v e n t :  I n  t h i s  c a s e  t h e  

t h e  p r o c e s s  i s  d e s c r i b e d  a s  a  h o m o g e n e o u s ,  m e m o r y  o n e ,  s e l f  e x c i t i n g  p o i n t  

p r o c e s s  w i t h

-j



for some function  h(t) which is referred  to  as the  h aza rd  function .

To use th is m odel for delay estim atio n  i t  will be necessary  to  investigate  

the  second order m om ents of th e  in teg ra ted  process. F or a po in t process 

w ith independen t m arks the  corre lation  function  can be w ritte n  as

R(ti> t2) =  ^ 2 /  d r , /  d r2 g ( t j - T 1) g (t2 - r 2) ^ r 11T2)
■ 0  ■ /  ' 0

■■ _____ m in ( t , ,to )

.+  a 2 J  drg( t j  — 7’)g ( t2 — r)f j(r)

' > t (  n U  w L  r -W N ,.)  =  h (  t  ~  W N  |. )

where th e  functions T1 (r) and  I 2(TljT2) are  referred  to  as th e  first an d  second 

order p ro d u ct densities, respectively  [62]. T he function  g(t) is th e  tran sfe r  

charac teris tic  of th e  linear filter th rough  which th e  process is observed. 

F irs t o rder p ro d u ct densities have the  in te rp re ta tio n  th a t  T 1 (t) A t is the  

probab ility  of observing an even t in the  infin itesim al in te rval (t, t  +  A t) 

regardless of th e  points occurring elsew here. Second order p ro d u c t densities 

have the in te rp re ta tio n  th a t  f2( t1( t 2) A t1 A t2 is th e  p ro b ab ility  of 

sim ultaneously  observing events in the  infin itesim al in te rvals ( t1? tj  +  A t1) 

a n d  ( t2, t 2 +  A t2) regardless of the  po in ts Occurring elsew here. These 

p roduct densities are  usually  difficult to  determ ine b u t th ere  are  a few cases 

for which: th ey  are  easily found. F o r a s ta tio n a ry  Poisson process the  

p roduct densities are

and

“ A 2

so the  co rre la tion  function  becom es those p resen ted  in th e  previous section.

I t is also possible to  w rite  down th e  corre lation  functions for a  renew al 

process and the  form  depends on the  a c tu a l descrip tion  of th e  tim e betw een



events. The second ; o rder p ro d u c t density  for a renew al process tak es  the

f o r m /  V1 .' :

^ ( rLr2) =  fl( r lK l('2  -  Tl)

so if the first order p rod u ct density  can be found the  second order product- 

density  can be easily ca lcu la ted . T he first order p rod u ct density  is found 

from the solution of the  in tegral equation

fi(t)  =  p (t) +  J  f j(u )p (t -  a ) d a
0

where p(t) is the  p robab ility  density  function  of the  in te ra rriv a l tim es of th e  

events. This in tegral equation  is easily solved using the  L aplace  tran sfo rm  

and the  solution is the  inverse L aplace tran sfo rm  of

F lW
P M

i -  P M

This transfo rm  is p a rticu la rly  easy to  ca lcu la te  for th e  gam m a density  

fuhdtioji; This so lution will apply  for the  m em ory one se lf exciting po in t 

process (non-hom ogeneous renew al process) if the  periodic n o n s ta tio n a rity  

assum ption is m ade. In th is case the  observations would be m ade in a sm all 

phase window for which the  in ter-occurrence tim es would be hom ogeneous.

T here is a fu rth e r assum ption  th a t  can be m ade in m any  cases w hen 

th e  in tensity  function  is sm all enough, T he  co rre lation  function  for a 

renew al process tak es  in to  account the  co rre lation  existing betw een 

subsequent events, (e.g., p a rtia l discharges). T ypically , th e  sm all tim e 

in tervals, in which th e  m easurem ent is m ade, con ta in  e ith e r one p a rtia l  

discharge or none. T herefore, when calcu lating  the  co rre la tio n  function  from  

th e  d a ta , th e re  are  no subsequent p a rtia l d ischarge events en te rin g  in to  th e  

calcu lation . Since th ere  are  no t any subsequent events, th e  corre lation  

function is the  sam e as for a Poisson process, ju stify in g  th e  Poisson 

assum ption for th e  case in which th e  in ten sity  is sm all enough. This 

p a rticu la r case is a c tu a lly  very  comm on considering th e  sm all observation  

windows used in the  im plem entation  of the  delay estim ation  schem es to  be
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discussed.

T here  is a more general m odel which encom passes all th e  cases 

discussed and  is referred to  as th e  general m arked  po in t process. In this 

case th e  in ten sity  of the process can now be a function  of the  m arks and 

dependencies betw een the  coun ting  process and th e  m arks is allowed. The 

form  of th e  in tensity  will be

l h ,  U ; ( 0 )> t 0 <  t  g  W j

I'l, u , (  N t ; w i> V - W N , ,  U j ,  , . . U N t )  W N .r <  t ^  Wn t m

C onsideration  of a complex m odel such as th is leads to  in tra c ta b le  equations 

which a re  of little  use in th e  analysis. T here  is m ethod by which such a 

process can  be analyzed using a  very  sim ple ap p ro ach . T he approach  

th row s ou t a trem endous am o u n t of in form ation  th a t  could be po ten tia lly  

useful b u t th e  resulting  sim plicity  justifies th e  m ethod to  be proposed. The 

m ethod  is a technique by w hich th e  general po in t process is sam pled so th a t  

th e  resu lting  po in t process can  be in te rp re ted  as a Poisson process. C u rren t 

s ta tis tic a l research  on po in t processes is concerned w ith  an  opera tion  on 

po in t processes referred to  as pooling. Pooling of po in t processes m eans th a t  

indiv idual processes are overlaid  one on to p  of an o th e r and  the  s ta tis tic s  of 

th e  resu lting  process are  considered. U nder the  proper conditions the pooled 

process converges to  a Poisson process [61]. This resu lt can be shown to 

hold for u n iv a ria te  po in t processes as well as m arked  po in t processes. T he 

d raw b ack  of using th e  pooling opera tio n  to  sim plify d a ta  collection and  

analysis is th a t  th is  techn ique  ignores p o ten tia lly  useful in fo rm ation  

co n ta ined  in the  unppoled sequence of events.

T he m ethod  for sam pling p a rtia l  d ischarge involves pooling th e  po in t 

processes from  sm all phase  w indows on different cycles of the  excita tion . 

T he assum ption  of periodic n o n s ta tio n a rity  is still used an d  each com ponent 

of th e  pooled process comes from  a phase  window located  a t  th e  sam e phase 

b u t from a different cycle. T he phase  windows are  of an  ex ten t such th a t  

each com ponent process pooled in to  th e  resu lt co n trib u tes no m ore th a n  one 

po in t. T h e  basic assum ption  th a t  is m ade for th is technique to  work is th a t  

th e  p a rtia l d ischarges occurring  a t  sufficiently se p a ra te d  tim es are  

s ta tis tic a lly  independen t. I t  is p resen tly  no t clear if sep ara tio n  of th e
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processes by only a single cycle is sufficient for independence. T he resulting 

pooled process in each window will be approx im ate ly  a m arked Poisson 

process w ith  in tensity  X^. W hile th e re  is no m ath em a tica l proof th a t  tru e  

p a r t ia l  d ischarge sam pled in th is m anner converges to  a m ark ed  Poisson 

process, if th e  assum ptions m ade ab o u t th e  process are  tru e  then it will be 

approx im ate ly  a m arked  Poisson process. Using th is sam pling m ethod and  

assum ing th a t  th e  re su lta n t pooled process is Poisson then  the analysis in 

the  previous section applies. Q uestions ab o u t th e  residual dependencies 

betw een a d ja c e n t phase bins are  still unansw ered . If s ta tis tic a l analysis 

ind icates th e  existence of these  dependencies th en  th e  sam pling m ethod can 

be m odified. T he m odification would involve sam pling in a m anner which 

would m ake th e  co n stitu en t po in t processes to  be pooled m ore sparse. This 

could be accom plished, for exam ple, by sam pling only a few phase bins per 

cycle w hich would m ake th e  (per cycle) po in t processes m ore sparse.

In a c tu a l p rac tice  w hen p a rtia l d ischarge w ith  large in tensities are  

observed it is likely th a t  th e  large in tensities are  due to  m ultip le discharge 

sites th a t  are  sim ultaneously  active. W hen th is  is th e  case then  these 

m ultip le  sites will be independen t if th ey  a re  sufficiently sep a ra ted . 

Sufficient sep ara tio n  m eans th a t  th e re  is little  physical com m unication  of 

charg ed  species a n d  photons betw een th e  sites. In th is  case th e  process is 

a lread y  pooled and  it is likely th a t  a  Poisson m odel m ay be accu ra te .

2 . 5  E x p e r i m e n t a l  S t u d y

T he following experim ents dem o n stra te  th e  consistency of the  po in t 

process m odel discussed In th e  previous sections. T he resu lts are no t 

definitive in th e  sense th a t  th ey  prove th a t  th e  m odel is co rrect b u t ra th e r  

th e  resu lts  d em o n stra te  th a t  th e  model is consisten t w ith  th e  observations. 

Only a  lim ited num ber of experim ents were perform ed for th is p a rticu la r  

a sp ec t of th e  thesis.

High vo ltage  system s, by necessity, a re  large to  p rev en t u n w an ted  

d ischarge  an d  breakdow n. T ypical high voltage system s also have complex 

s tru c tu re s , in w hich th e  signals of in te res t m ay  p ro p ag a te  th rough  m any 

poorly  defined p a th s . Subtle  de ta ils  of th e  signals m a y  th en  be m asked. 

T he s tru c tu re s  considered in th e  following sections, concerned w ith  

estim atin g  th e  location  of th e  p a rtia l d ischarge site , a re  too  large for a 

contro lled  s tu d y  of th e  ch arac te ris tics  of th e  p a rtia l d ischarge process. To
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properly  s tu d y  th e  p a rtia l  d ischarge process w ith  as m any variab les as 

possible u n d er contro l, som e type of te s t cell m u st be used.

T he te s t cell used in th is  work is a slight m odification of th e  te s t  cell 

used by L uczynski [25]. T he principle  m odification was th e  inclusion of an 

acoustic  tran sd u ce r  to  perm it th e  acoustic  emission to  be m easured 

sim ultaneously  w ith  th e  electric signal. T he te s t  cell, depicted in Fig, 2.5, 

provides high fidelity  signals w ith  high sensitiv ity  and  allows th e  Control of 

p a ra m e te rs  influencing th e  d ischarge process. In p a rticu la r  th e  variab les of 

in te res t a re  th e  m ateria ls  su rrounding  the  d ischarge gap and th e  ac tu a l 

d ischarge gap  geom etry. W hen a high voltage is applied to  the  high voltage 

electrode a  d ischarge occurs in th e  region labeled E in Fig. 2.5. T he acoustic 

tran sd u ce r is a  P hysical A coustics in teg ra l p ream p  tran sd u ce r w ith  a  cen ter 

frequency of 150 KH z. T he insu lating  m ate ria l used on bo th  faces of th e  

d ischarge gap w as Plexiglas.

T he te s t  cell is sm all com pared to  th e  e lectrical w avelengths stud ied , 

(bandw id th  of 20 MHz), however, it is still large w ith  respect to  the  acoustic 

w avelengths. U nw an ted  m u ltip a th  effects will be p resen t for th e  acoustic 

signals a n d  therefo re  a  ch arac te riza tio n  of th e  typ ical acoustic signal will be 

necessary in o rder to  e x tra c t in form ation  ab o u t th e  w aveform s. T he 

acoustic  s ig n a tu re  of th e  te s t  cell was stud ied  by frac tu rin g  a pencil lead  in 

th e  cen ter o f  th e  te s t  cell. A typ ical response to  th is im pulsive force is 

show n in F ig. 2.6. T he peaks in th e  envelope of the  response are  due to 

rev e rb era tio n s in th e  te s t  cell. T he first peak  is the  desired signal, the  

s e c o n d  is  d u e  to  a r e f lec t io n  from  th e  o u te r  edge of the  cen tra l m easuring 

electrode and  th e  th ird  peak  is from  a  reflection from, the  o u te r edge of the  

g u a rd  electrode.

T h e  s ig n a l  m odel discussed above m akes assum ptions ab o u t th e  tim e 

v a ry in g -n a tu re  of th e  process and th e  type of s ta tio n a rity  th a t  will be used. 

T he  re la tiv e  energy vs. th e  phase of th e  excita tion  voltage is shown in Fig. 

2.7. T he re la tionsh ip  of th e  energy to  th e  p hase  of the  excita tion  voltage 

w a s  d e v e lo p e d  b y  a v e r a g in g  o v e r  m any c y c le s  of th e  e x c i ta t io n  v o lt a g e  a  

q u a n tity  referred  to  as th e  m ark  accu m u la to r process [61] which for th is 

ap p lica tio n  will be defined a s  ,

V; '"’V/l/ *■? 'A,' 'J'

* . ( 4 )  =
i = l
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re 2.5. T es t cell. A: acoustic  tran sd u cer; B: cen tra l m easuring 
e lectrode; C: coaxial connection; D: guard  electrode; Er 
d ischarge  region; F: high voltage electrode; G: iso lation resistor; 
H: m icrom eter ad ju s tm en t.
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F igure  2,6;. A coustic response of te s t cell.
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T im e ,  s e c o n d s  ( x  IO -3 )

F i g u r e  2 . 7 R e l a t i v e  e n e r g y  v e r s u s  e x c i t a t i o n  v o l t a g e  p h a s e .
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w h i c h  i s  d e f i n e d  s l i g h t l y  d i f f e r e n t  t h a n  i n  [ 6 1 ] .  I n  t h i s  c a s e  t h e  m a r k  i s  t h e  

e n e r g y  a n d  t h e  m a r k  a c c u m u l a t o r  f u n c t i o n  i s  d e f i n e d  f o r  e a c h  p h a s e  b i n .  A s  

c a n  b e  s e e n  f r o m  F i g .  2 . 7  t h e  e n e r g y  i s  d i s t r i b u t e d  a c r o s s  t h e  e x c i t a t i o n  

v o l t a g e  i n  a  c y c l i c  m a n n e r .

A  m o d e l  w a s  d e v e l o p e d  i n  w h i c h  a s s u m p t i o n s  a b o u t  t h e  s t a t i o n a r i t y  o f  

t h e  p r o c e s s  w e r e  m a d e .  T o  v e r i f y  t h e  a s s u m p t i o n s  a b o u t  t h e  s t a t i o n a r i t y  o f  

t h e  p r o c e s s ,  i t  i s  n e c e s s a r y  t o  t e s t  t h e  s t a t i o n a r i t y  o f  t h e  c o m p o n e n t s  o f  t h e  

m o d e l .  I t  w a s  s t a t e d  a b o v e  in  t h e  s e c t i o n  a b o u t  t h e  s i g n a l  m o d e l  t h a t  i f  t h e  

m e a s u r e m e n t s  w e r e  c o n f i n e d  t o  a  s m a l l  p e r i o d i c  i n t e r v a l ,  ( w i t h  t h e  s a m e  

p e r i o d  a s  t h e  e x c i t a t i o n  v o l t a g e ) ,  t h e n  t h e  p a r a m e t e r s  d e s c r i b i n g  t h e  p r o c e s s  

w o u l d  b e  c o n s t a n t .  I n  p a r t i c u l a r  i t  i s  n e c e s s a r y  t o  t e s t  t h e  s t a t i o n a r i t y  o f  

t h e  t i m e s  b e t w e e n  p a r t i a l  d i s c h a r g e s  a n d  t h e i r  e n e r g i e s .  T h e  m e t h o d  t h a t  

w a s  u s e d  t o  t e s t  t h e  h y p o t h e s i s  o f  s t a t i o n a r i t y  w a s  a  n o n p a r a m e t r i c  t e s t  

c a l l e d  t h e  r u n  t e s t ,  w h i c h  c a n  b e  u s e d  t o  t e s t  f o r  t r e n d s  i n  t i m e ,  [ 1 5 ] .  T h e  

t e s t  u s e d  t h e  m e a n  a n d  v a r i a n c e  o f  t h e  s a m p l e s  o v e r  2 0  s e c o n d  i n t e r v a l s  a n d  

c h e c k e d  t h e  s t a t i o n a r i t y  o v e r  a  h a l f  h o u r  p e r i o d  a t  a  s i g n i f i c a n c e  l e v e l  o f  

0 . 0 5 .  T h e  r u n  t e s t  w a s  a p p l i e d  t o  s i m i l a r  s a m p l e  p a t h s  t o  t e s t  f o r  t r e n d s  i n  

t i m e .  R e s u l t s  o f  t h e  t e s t  i n d i c a t e  w h e t h e r  o r  n o t  t h e  s a m p l e  p a t h s  c a m e  

f r o m  a  s t a t i o n a r y  p r o c e s s ;  u s u a l l y ,  t h e  d a t a  w a s  a c c e p t e d  a s  s t a t i o n a r y .

A  t y p i c a l  h i s t o g r a m  o f  t h e  t i m e  b e t w e e n  d i s c h a r g e s  i s  s h o w n  i n  F i g .  2 . 8 .  

T h e  h i s t o g r a m  i s  n o t  e x p o n e n t i a l ,  r u l i n g  o u t  a  P o i s s o n  p r o c e s s .  T h e  n e x t  

o r d e r  a p p r o x i m a t i o n  w o u l d  b e  a  r e n e w a l  p r o c e s s  w h e r e  t h e  t i m e s  b e t w e e n  

p a r t i a l  d i s c h a r g e s  c a n  a s s u m e  a n  a r b i t r a r y  d i s t r i b u t i o n .  A  t y p i c a l  h i s t o g r a m  

o f  t h e  e n e r g i e s  f o r  t h e  a c o u s t i c  e m i s s i o n  i s  d e p i c t e d  i n  F i g .  2 . 9  f o r  a  f i x e d  

p h a s e  w i n d o w .  A n  i n t e r e s t i n g  r e l a t i o n  b e t w e e n  t h e  g a p  s i z e ,  x ,  a n d  t h e  

e n e r g y  e m e r g e d  f r o m  t h e s e  m e a s u r e m e n t s .  F i g .  2 . 1 0  s h o w s  t h e  r e l a t i o n s h i p  

b e t w e e n  t h e  m e a n  e n e r g y  o f  t h e  d i s c h a r g e  a n d  t h e  g a p  s i z e  f o r  a  f i x e d  p h a s e  

w i n d o w .  W h e n  p l o t t e d  o n  a  s e m i l o g  s c a l e  t h e  r e s u l t i n g  c u r v e  s u g g e s t s  u s i n g

b ( x )  =  k e x p ( m x )  ; k  >  0 ,  m  >  0 ,  x  >  0

a s  a  m o d e l  f o r  t h e  e n e r g y / g a p  r e l a t i o n s h i p ,  w h e r e  b ( x )  i s  t h e  p a r a m e t e r  

c o n t r o l l i n g  t h e  e n e r g y  d i s t r i b u t i o n .  T h e  c o n s t a n t s  k  a n d  m  c a n  b e  

d e t e r m i n e d  b y  p e r f o r m i n g  a  s i m p l e  l e a s t  s q u a r e s  f i t  o n  t h e  d a t a  i n  F i g .  2 . 1 0 .  

C o m b i n i n g  t h i s  w i t h  t h e  h i s t o g r a m s  o f  t h e  e n e r g y ,  a  s i m p l e  m o d e l  c a n  b e  

c o n s t r u c t e d  b y  a s s u m i n g  t h e  h i s t o g r a m s  c a n  b e  m o d e l e d  a s  g a m m a  d e n s i t y  

f u n c t i o n s .  T h i s  y i e l d s  a  m o d e l  f o r  t h e  m a r k  d i s t r i b u t i o n  a s  a  f u n c t i o n  o f  g a p
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Figure 2.8. H istogram  of tim e betw een p a rtia l  d ischarges.
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Figure  2.9. H istog ram  of acoustic  energy  from  p a rtia l d ischarges.
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Kih1M
P(u;x) — u n exp(— b(x) u)

n !

T his p a rtic u la r  rep resen ta tio n  has a m ean value of

m (x ) :
n + 1

b(x)

and  a varian ce  of

O2 (X)
n+ 1

b 2(x)

It should be rem arked  th a t  th e  co n stan ts  k and  m  are ac tu a lly  tim e varying 

q u an titie s , As m entioned above, the  p a ram ete rs  controlling the  m ark  

d is trib u tio n  will be assum ed to  be periodic n o n sta tio n ary . Therefore, for 

an y  sm all tim e in terval located  a t  a fixed phase of the  excita tion  voltage, 

th e  q u an titie s  k and m  will be co n stan ts , (which will change as the  tim e 

in te rv a l is m oved to  an o th e r phase of the  excita tion  voltage).

A n o th er experim ent which was perform ed involved th e  s tu d y  of p a rtia l 

d ischarge w hen th e  surface conductiv ity , ps, is changed. T he sam e type o f  

e lectrode configuration  was used as in th e  en erg y /g ap  experim ent except 

th a t  th e  su rface  conductiv ity  of th e  d ischarge region was controlled. The 

gap sep a ra tio n  was held c o n s tan t an d  th e  surface conductiv ity  was 

contro lled  by coating  th e  faces of th e  p a rtia l d ischarge region w ith resistive 

p a in t. T he resu lts of th e  experim ent are  illu s tra ted  in Fig. 2.11 where the 

m ean  p a rtia l  d ischarge energy versus su rface  conductiv ity  is p lo tted . Only a 

few poin ts a re  p lo tted  because of the  difficulty of ob ta in ing  controlled 

surface conductiv ities on the  sam ples. On a log-log scale th ere  app ears  to  be 

a  linear re la tionsh ip  betw een th e  m ean  energy an d  th e  surface conductiv ity . 

F u r th e r  s tu d y  of th e  energy re la tio n  to  th e  surface conductiv ity  is needed to 

v a lid a te  th is  m odel.

A  classic exam ple of p a r tia l  d ischarge w ith  non-exponential occurrences 

tim es and  a complex dependency s tru c tu re  is th e  DC po in t to  plane process

'4
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F i g u r e  2 . 1 1 .  M e a n  p a r t i a l  d i s c h a r g e  e n e r g y  v s .  s u r f a c e  c o n d u c t i v i t y .
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referred to as T richel pulses. Fig. 2.12 illustra tes a typ ical sam ple function 

from  a DC po in t to  plane p a rtia l d ischarge in which the  events seem  to  form 

a periodic sequence. T richel pulses seem  very regular b u t there  is a small 

random ness in the behavior of d ischarge processes like these. R eferring to  

Fig. 2.13 a h istogram  of the  tim e betw een events and a h istogram  of the 

rela tive  charge in the  events clearly  show th a t  even a seem ingly stab le  

p a rtia l d ischarge process like DC T richel pulses have random  charac teris tics .

T here  a re  several reasons for considering DC T richel pulses as an 

experim en ta l beginning for deta iled  s ta tis tic a l analysis under a po in t process 

fram ew ork. T he m ost im p o rtan t reason is th a t  th is p a r tia l discharge has 

been extensively  stud ied  an d  is p robably  th e  best understood  p a rtia l 

d ischarge type. Also, the  experim ental conditions are relatively  sim ple to 

reproduce w ith o u t having to  resort to  exotic sam ple p rep a ra tio n  techniques. 

A no th er reason is th a t  the  excita tion  voltage is c o n stan t rem oving one 

source of n o n sta tio n a rity  in the  process. T here are sim ilar types of p a rtia l 

d ischarge th a t  can occur under AC conditions and  th is  beginning point 

would lend unders tan d in g  to  th e  AC case. F inally , T richel pulses ap p ea r to 

be so regu lar th a t  if a reasonable model can be found for this, s itu a tio n , 

which ap p ea rs  to  have a highly complex dependency s tru c tu re , then  

m odeling of o th er m ore random  appearing  p a rtia l d ischarges would seem, 

in tu itively , a m ore trac ta b le  task .

A single model for the sim ple case of T richel pulses is difficult to  

develop because the s ta tis tica l charac teris tics  change as the  applied 

p o ten tia l is changed. A t lower po ten tia ls  for which th e  repe tition  ra te  

rem ains below several hundred  KHz a renew al model app ears  to  be an 

a ccu ra te  m odel for th e  occurrence tim es. A t higher repe tition  ra te s  a 

complex dependency s tru c tu re  begins to  become a p p a re n t w ith  th e  m em ory 

of th e  process extending over large num bers of events in th e 's e r ie s . The 

following analysis used observation  tim es th a t  ranged from  300 /rs to  15 ms. 

Slowly vary ing  n o n sta tio n arities  from  changes in the  m ateria ls  due to  aging 

were observed; the  m easurem ents changed slightly  when rep ea ted  w ith a gap 

th a t  had  been allowed to  age.

A sim ple experim ent was perform ed using th e  sam e te s t cell as used in 

th e  o th er experim ents except th a t  the  high voltage electrode was rep laced  by 

a phonograph  needle. The experim ents were perform ed a t  766 m m  Hg, 22° 

C and  60%  rela tive  hum idity . T he spacing of th e  point to  p lane was 16 m m  

and  the  app lied  voltage was varied  betw een 5 KV and 8.5 K V  w ith  th e  p o in t 

being k ep t a t  th e  m ost negative p o ten tia l. A single recording provided the
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d a ta  (30,000 points) and  th e  techniques in section 2.2 were used to  m easure 

th e  d a ta  points for the  sequence. Two sequences were form ed; an in ter- 

occurrence tim e sequence and  an  am plitude sequence. T ypical sequences 

contained betw een 100 and  400 d a ta  points. T he sam pling ra te  was varied  

betw een 2 MHz and  100 MHz so th a t  an ad eq u a te  num ber of d a ta  points 

could be collected for different repe tition  ra tes . T he in p u t bandw id th  to the 

recorder was varied  betw een 500 KHz and 10 MHz depending upon the 

sam pling ra te .

S ta tis  analysis of th e  series of events is difficult w ithou t a specific 

m odel to use. Since the  in ter-occurrence tim e h istog ram  is no t exponential 

th e  Poisson process is ruled ou t. T he next easiest m odel is the  renew al 

m odel where the  in ter-occurrence tim es can have an  a rb itra ry  d istrib u tio n . 

T h e ‘general ch arac te ris tic  of renew al processes is t h a t  th e  in ter-occurrence 

tim es form an independen t series of events. Since th e  series form s an iid 

sequence of events the  serial corre lation  coefficient should be be zero 

(ideally) for lags o th er th a n  zero. A  n a tu ra l first s tep  is to  check th e  serial 

correlation  coefficient to  ensure th h t  th ere  is no t co rre la tion  betw een th e  

events; a typ ical exam ple of th e  correlation  coefficient for different lags is 

dep icted  in Fig. 2.14. A hypothesis te s t was perform ed which te s ts  for serial 

correlation  in the  sequence [85]. T his te s t was perform ed a t  a significance 

level of 0.05 and the  d a ta  alw ays passed; th is te s t if th e  repe tition  ra te  was 

low enough. As can be seen from  Fig. 2.14 the  am p litu d e  d a ta  has a serial 

correlation  which is sim ilar to  th e  in ter-occurrence tim e ’s. A n o th er aspec t 

th a t  is ap p aren t is th a t  th e re  is a strong  co rre la tion  betw een  th e  in te r

occurrence tim es an d  th e  am plitudes. T he assum ption  th a t  the  counting  

process and the  m ark  process are  independen t is ru led  ou t by th is resu lt. 

M ore soph istica ted  m odels need to  be considered to  h and le  th is type  of 

dependence for exam ple a m u tu a lly  self exciting process. It is in te resting  to 

exam ine sim ilar sam ple serial co rre lation  functions o b ta in ed  from  high 

repe tition  ra te  T richel pulses. Fig. 2.15 and  2.16 illu s tra te  tw o different 

situations; one in which th e  serial co rre lation  is ju s t  beginning to  becom e 

a p p a re n t and  the  o th er in which th ere  is c learly  a significant m em ory 

reaching far in to  th e  p a s t of th e  process. I t is in te res tin g  to  no te  th e  highly 

s tru c tu re d  form  of th e  serial co rre lation  coefficient for th e  h ighest rep e titio n  

ra te  d a ta . I t seem s th a t  th is  serial co rre lation  function  m ight be easily 

described w ith  a  sim ple p a ram etric  m odel. A lso n o te  th e  s im ilarity  betw een 

th e  correlation  functions for th e  d a ta  set; even th e  cross-correlation  has th e  

sam e form.
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F igure  2.15. Serial co rre lation  functions, X =  8.0x10s a) A u toco rre la tio n  of 
tim e sequence, b) A u tocorre la tion  of energy sequence, c) 
G ross-correlation  of tim e an d  energy sequences.



F igure  2.16. Serial co rre la tion  functions, X =  1 .43xl06 a) A u tocorre lation  of 
tim e sequence, b) A u tocorre la tion  of energy sequence, c) 
C ross-correlation  of tim e an d  energy sequences.
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Checking for serial co rrelation  is im p o rtan t as a first step  b u t th is does 

no t g u a ran tee  independence. More powerful tes ts  which te s t for serial 

independence m ust be used on the  sequence. The preferable  m anner for 

tes tin g  a series of events for the  general renewal hypothesis would be to  use 

a n o n p aram etric  te s t for serial independence in the  sequence. The run te s t 

[ l5] is a n o n p aram etric  te s t which can be used for testing  the hypothesis of 

serial independence. T here are o ther tests which can also be used and  can 

be found in [85]. T he resu lts from applying the run te s t to  the  d a ta , which 

did no t exhib it serial co rrelation , were th a t  the sequences consist of serially  

independen t events a t  the 0.05 significance level. These results are  no t as 

definitive as would be desired because the run te s t has a low power.

T he concept of pooling the  d a ta  to  form  a Poisson process w as also 

investigated  using a T richel pulse process. In th is experim ent m ultip le  

records were superposed to  form  the  pooled process. F igure 2.17 illu s tra te s  

th e  resu lts of pooling pulses from  a Trichel pulse process which had  a 

repe titio n  ra te  of 28130 pulses per second. The pooled record leng th  was 

20.44 /is and  contained  the  superposition of sixteen records. On the  average, 

the  pooled records con ta in  ab o u t 9 pulses each. T here are several different 

tes ts  th a t  can be used to  te s t the  d a ta  to  see if it was generated  by a 

Poisson process [85]. T he s ta tis tic a l te s t th a t  was used is called a dispersion 

te s t [85] and  uses a te s t s ta tis tic , d, which is given by

k (H i - S ) 2 

Z j  —

w here th ere  are k observation  in tervals of equal length w ith  m events 

conta ined  in the  itn observation  in terval. The term , n is the m ean num ber 

of e v e n t s  and  i s  g i v e n  by

F o r large enough k a chi-squared d istribu tion  w ith  k-1 degrees of freedom  is 

a good ap prox im ation  to  th e  d istribu tion  of d under th e  null hypothesis. 

D a ta  sim ilar to  th a t  show n in Fig. 2.17 was tes ted  using 40 poo led  records 

and  th e  Poisson hypothesis was accepted  a t  the  0.05 significance level. A
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Figure  2.17. T yp ical pooled records for T richel pulses.
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t y p i c a l  h i s t o g r a m  f o r  t h e  t i m e s  b e t w e e n  e v e n t s  in  a  p o o l e d  p r o c e s s  i s  s h o w n  

i n  F i g .  2 . 1 8 .

2 .6  U l t r a  L ow  L ev e l M e a s u r e m e n ts

It is of g rea t in te res t to  m easure p a rtia l discharge signals w ith 

extrem ely  low levels of charge. This section will deal w ith a technique which 

can aid in the  m easu rem en t of low level pulses buried  in noise w ith sm all 

rep e titio n  ra tes . T he basic approach  will use cross-correlation and averaging 

to  reduce the  noise level in the  estim ate . C ross-correla tion will be used to 

provide a coheren t averaging m ethod. To increase th e  o u tp u t signal to  noise 

ra tio  an ad hoc de tection  technique based on th e  level crossings of a 

G aussian  random  process will be used. The G aussian  noise assum ption  will 

be used because it is an excellent model for the  therm al noise in the  

am plifiers and is the  dom inan t source of noise in th e  application: to  be 

discussed. T he final estim ate  will not be the charge in a single pulse b u t will 

be an average value th a t  is difficult to  in te rp re t. T his technique applies to 

p a rtia l d ischarge pulses th a t  have peak values e ith er g rea ter th an  or less 

th a n  the  s ta n d a rd  deviation  of the  G aussian noise. T he m ost in te resting  

case is th a t  in which the peak value of the pulse is on th e  order of the  

s ta n d a rd  deviation  of the  noise. In this case the  SNR is too low and the  

individual p a rtia l d ischarge pulse is not directly  observable.

T he m ost desirable approach  would be to  se tup  up a detection  

p rocedure  to  tes t the hypothesis th a t  the signal is p resen t. However, there  

are several unw anted  p aram ete rs  in the  form ulation  for which th e  a priori 

p robab ility  densities are unknow n. Im plem entation  of such a schem e is 

difficult in th is case and  approx im ate  procedures are needed, A no ther 

reason  for using the  m ethod to  be discussed is th a t  is provides a sim ple, real 

tim e a lte rn a tiv e  to  a  tru e  detection  algorithm  w hich can become num erically  

intensive. If a dig itally  im plem ented de tection  schem e were used and  th e  

signals w ere observed for a  one m inute  in terval using an eigh t b it quan tize r 

w ith  a 100 MHz sam pling ra te  then  over 10 giga-bytes of d a ta  w ould have 

to  be processed. This would tra n s la te  in to  an  excessive am oun t of d a ta  

processing for even a super-m ini com puter to  perform . However, once the  

preprocessing has been perform ed by the  a lgorithm  to  be presen ted  th en  it is 

desirab le  to  perform  a hypothesis te s t using, for exam ple, th e  generalized 

likelihood ra tio  te s t discussed in ch ap te r four. Follow up processing by m ore 

exac t te s ts  will fu rth e r increase th e  o u tp u t SNR of th e  m easurem ents.
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The m easuring system  will consist of two inputs; these tw o inpu ts can 

be a t  physically sep ara ted  locations or a t  a single location (two am plifiers 

connected to  the sam e point). T he in p u t signals are  m odeled as

, . , ' Nt
x (i ) = v ;  a js( t  -  I i ) +  H 1( I )  

i =  l

and

: N y

y ( 0 = > ]  a is ( i  ~  t S

i = l

D ) +  n 2(t)

w here D is the  delay betw een th e  signal s(t) a t  th e  tw o in p u t po in ts and  is 

zero if the  am plifiers are  connected  to  the  sam e poin t. T he num ber of 

events in the  in terval, T, is N<p and will be assum ed to  be Poisson 

d istrib u ted . The noise term s P1,(t)l and n 2(t) 'will be assum ed to  be G aussian  

and  independent from  each o th er and  from  the  signal s(t). T he in p u t SNR 

for e ith er channel is easily shown to  be

X a 2 JF |S(cj)|2 dw

SNR;,
- O O

O O

J  N(oj) dw
- O O

where S(gj) is the  Fourier tran sfo rm  of the  p a rtia l d ischarge pulse, N (a,’) is 

th e  noise power sp ectra l density , th e  p a rtia l d ischarge process is assum ed to  

be hom ogeneous w ith in tensity  p a ra m e te r  X, the  pulse is no t DC coupled and 

the m ean square value of a, is a 2. T he Poisson process is assum ed to  be 

hom ogeneous because no a priori knowledge is availab le  ab o u t th e  in tensity  

function  Xt . T he hom ogeneous in tensity , X, will have th e  in te rp re ta tio n  th a t  

it is th e  average num ber of p a r tia l d ischarge pulses p e r  second even though 

th e  tru e  process will no t be hom ogeneous.

One approach  to  th e  problem  of m easuring low level p a r tia l d ischarge 

would be b ru te  force averaging of the  cross-correlation  function . This 

approach  has lim itations for low repetition  ra te  (sm all X) p a rtia l  discharge
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because the o u tp u t SNR is still low w hen X is sm all. T here are  trem endous 

difficulties associated  w ith  retriev ing  these  pulses from  th e  noise if th ere  are 

only a few pulses per cycle of th e  ex c ita tio n  voltage because th e  variance  of 

th e  estim ate  will be large com pared  to  th e  p a rtia l d ischarge energy. An 

obvious m odification would be to  lim it th e  processing to  a sm all phase 

window, of ex ten t </>, to  a region w here th e  p ro b ab ility  of m easuring  a p a rtia l 

d ischarge is the  h ighest. T he in ten sity , X w as assum ed to  be co n stan t 

because th e re  is no t a m ethod for know ing th e  tru e  function  Xt before 

m easuring  it. In ac tu a l p rac tice  som e in fo rm ation  is know n; th e  d ischarges 

a re  m ost likely to  occur n ear th e  vo ltage  peaks. If th e  correct phase window 

is chosen which con ta ins all of th e  p a rtia l  d ischarge pulses th en  the  

equ ivalen t hom ogeneous in tensity  will be

'eq

360

<P
X

T h a t is to  say  th a t  the  in tensity  p a ra m e te r  increases giving a higher in p u t 

SNR which yields an im proved o u tp u t SNR. F u rth e rm o re , if an  accu ra te  

trigger is availab le  so th a t  th e  processing can be lim ited to  regions in th e  

n ear vicin ity  of the  pulse th en  th e  o u tp u t SNR increases d ram atica lly . T he 

problem  w ith  using only the  regions in th e  n ear vicinity  of th e  pulse is th a t  

these regions are  difficult to  determ ine unless th e  pulse has sufficient 

am plitude . In th is case th e  pulse itse lf would be required to  provide the  

trigger.

T here is an  a lte rn a tiv e  which can  provide increased perform ance by 

locating  the  regions (on th e  average) in th e  v icin ity  of the  p a rtia l d ischarge 

pulse. T he algorithm  locates d a ta  segm ents th a t  have a significant 

p ro b ab ility  of contain ing  a  p a r tia l d ischarge  pulse an d  th en  processes only 

those segm ents. This app ro ach  yields b e tte r  resu lts because th e  d a ta  has an 

effective higher in p u t SNR. T his techn ique is no t perfect because it will miss 

pulses and ind icate  th a t  a pulse is p resen t w hen it is no t. These deficiencies 

am oun t to  a loss in the  o u tp u t SNR b u t  th e  im provem ent of the  o u tp u t SNR 

can be a lm ost as g rea t as if th e  region in th e  v icin ity  of th e  pulse  were 

ac tu a lly  know n. This technique relies on th e  level crossings of a ran d o m  

process and  w orks by using the  trigger on the d ig ita l recorder as the  

d e tection  level. If the  noise level is high th en  a trigger se t a t  a p roper level 

will in itia te  recording a few tim es per second (when th e  noise crosses the
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t r i g g e r  t h r e s h o l d ) .  T h e  b a s i c  i d e a  l i e s  in  t h e  f a c t  t h a t  w h e n  a  s m a l l  s i g n a l  is  

a d d e d  t o  t h e  n o i s e  t h e n  t h e  r e c o r d e r  w i l l  t r i g g e r  m o r e  o f t e n  t h a n  i f  t h e  n o i s e  

a l o n e  w e r e  p r e s e n t .  P r o p e r  s e l e c t i o n  o f  t h e  t r i g g e r  l e v e l  w i l l  i m p r o v e  t h e  

o u t p u t  S N R  b e c a u s e  t h e r e  i s  a n  i n c r e a s e d  p r o b a b i l i t y  t h a t  t h e r e  i s  a  p a r t i a l  

d i s c h a r g e  a n d  n o t  n o i s e  a l o n e .

T o  a n a l y z e  t h e  a l g o r i t h m  c o n s i d e r  w h a t  h a p p e n s  w h e n  n o i s e  a l o n e  i s  

p r e s e n t  a t  t h e  i n p u t  t o  t h e  r e c o r d e r .  T h e  n o i s e  w i l l  b e  G a u s s i a n  w i t h  z e r o  

m e a n  a n d  h a v i n g  a  p o w e r  s p e c t r a l  d e n s i t y ,  N ( cj). T h e  t r i g g e r  l e v e l  w i l l  b e  s e t  

a t  a  l e v e l  u  s o  t h a t  a n y  u p c r o s s i n g  o f  t h e  l e v e l  u  b y  t h e  n o i s e  w i l l  i n i t i a t e  

r e c o r d i n g .  T h e  m e a n  n u m b e r  o f  t r i g g e r s  ( u p c r o s s i n g s )  i n  t h e  i n t e r v a l  T  i s  

g i v e n  b y  , [ 8 6 ]

E {  C u (O jT )  }

Vz __h1  

e  2 n "

w h e r e  t h e  orj t e r m s  a r e  t h e  s p e c t r a l  m o m e n t s  o f  t h e  n o i s e  a n d  a r e  g i v e n  b y

a O =  R n(O)

«2 = - R n (O)

w h e r e  R n i s  t h e  a u t o c o r r e l a t i o n  f u n c t i o n  o f  t h e  n o i s e  a n d  t h e  p r i m e  r e f e r s  t o  

d i f f e r e n t i a t i o n .  T h e  s e c o n d  s p e c t r a l  m o m e n t ,  a 2 , i s  r e q u i r e d  t o  b e  f i n i t e ;  

w h i t e  n o i s e  i s  n o t  a l l o w e d .  W h e n  a  s i g n a l  i s  a d d e d  t o  t h e  n o i s e  t h e n  t h e  

m e a n  n u m b e r  o f  t r i g g e r s  i s  g i v e n  b y  [8 6 ]



I
E {  C m (t)( 0 , T )  } I

V ^ o  o
</>

m ( t )

V « o

2 ^
V « 2

+  m  ( t )

w h e r e  < f>  a n d  <}> r e f e r  t o  t h e  G a u s s i a n  p r o b a b i l i t y  d e n s i t y  a n d  e r r o r  f u n c t i o n  

r e s p e c t i v e l y .  T h e  e x p r e s s i o n  a b o v e  g i v e s  t h e  c r o s s i n g s  o f  a  c u r v e  m ( t )  b y  t h e  

G a u s s i a n  n o i s e .  T h e  p a r t i c u l a r  c u r v e  t h a t  i s  o f  i n t e r e s t  i s  t h e  l e v e l  s h i f t e d  

s i g n a l  m ( t )  =  a  s ( t )  —  u  w h e r e  s ( t )  i s  t h e  p a r t i a l  d i s c h a r g e  p u l s e  w i t h  

a m p l i t u d e  a  a n d  u  i s  t h e  t r i g g e r  l e v e l  o f  t h e  t r a n s i e n t  r e c o r d e r .  T h e  

i n t e g r a l s  d e f i n i n g  t h e  e x p e c t e d  n u m b e r  o f  t r i g g e r s ,  f o r  r e a l i s t i c  s i g n a l s ,  a r e  

d i f f i c u l t  t o  c a l c u l a t e  a n d  f u r t h e r  s i m p l i f i c a t i o n s  n e e d  t o  b e  f o u n d .  

F u r t h e r m o r e ,  t h e  s i g n a l  i s  n o t  d e t e r m i n i s t i c  a n d  i s  a c t u a l l y  a  r a n d o m  

p r o c e s s  w h i c h  f u r t h e r  c o m p l i c a t e s  t h e  a n a l y s i s .

F o r t u n a t e l y ,  s o m e  a s s u m p t i o n s  c a n  l e a d  t o  a  u s a b l e  i m p l e m e n t a t i o n  o f  

t h i s  t e c h n i q u e .  O n e  a s s u m p t i o n  i s  t h a t  t h e  p o i n t  p r o c e s s  h a s  a  s m a l l  

i n t e n s i t y  s o  t h a t  t h e  p r o b a b i l i t y  o f  t w o  p a r t i a l  d i s c h a r g e  p u l s e s  h a v i n g  

s i g n i f i c a n t  o v e r l a p  i s  s m a l l .  T h e  n e x t  a s s u m p t i o n  i s  t h a t  t h e  p a r t i a l  

d i s c h a r g e  p u l s e  w i l l  b e  m o d e l e d  a s  a  r e c t a n g u l a r  p u l s e  w i t h  t h e  p u l s e  w i d t h  

b e i n g  e q u a l  t o  t h e  d u r a t i o n  o f  t h e  t r u e  p u l s e .  T h e s e  t w o  a s s u m p t i o n s  l e a d  

t o  a  s i m p l e  a p p r o x i m a t e  s o l u t i o n  i n  w h i c h  t h e  l e v e l  c r o s s i n g s  o f  t h e  n o i s e  c a n  

b e  u s e d .  I t  s h o u l d  b e  n o t e d  t h a t  e v e n  i f  t h e  t w o  a s s u m p t i o n s  w e r e  t r u e  t h e n  

t h e  s o l u t i o n  t o  b e  p r e s e n t e d  w o u l d  s t i l l  b e  a p p r o x i m a t e .  T h e  s o l u t i o n  t o  b e  

p r e s e n t e d  i s  b a s e d  o n  a  r e l a t i v e  f r e q u e n c y  a p p r o a c h  t o  t h e  p r o b a b i l i t i e s  a n d  

i s  a  v e r y  s i m p l e  a p p r o a c h  t o  a n  e x t r e m e l y  c o m p l e x  p r o b l e m .  H o w e v e r ,  t h e  

a p p r o a c h  w o r k s  a n d  p r o v i d e s  a  s i m p l e  t e c h n i q u e  t o  m e a s u r e  l o w  l e v e l  p a r t i a l  

d i s c h a r g e .

S e v e r a l  d e f i n i t i o n s  n e e d  t o  b e  s t a t e d  b e f o r e  t h e  s o l u t i o n  c a n  b e  g i v e n .  

T h e s e  d e f i n i t i o n s  a r e

A T  ^  r e c o r d e d  o b s e r v a t i o n  i n t e r v a l  f o r  a  s i n g l e  t r i g g e r
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N pd =  n u m b e r  o f  t r i g g e r s  d u e  p a r t i a l  d i s c h a r g e  p l u s  n o i s e

N n =  n u m b e r  o f  t r i g g e r s  d u e  n o i s e  o n l y  

D  =  d u r a t i o n  o f  a  s i n g l e  p a r t i a l  d i s c h a r g e  p u l s e  

T  = - t o t a l  o b s e r v a t i o n  i n t e r v a l  

N t =  t o t a l  n u m b e r  o f  t r i g g e r s  

X =  a v e r a g e  n u m b e r  o f  p a r t i a l  d i s c h a r g e  p u l s e s  p e r  s e c o n d

B y  a s s u m p t i o n  t h e  p r o c e s s  i s  a  h o m o g e n e o u s  P o i s s o n  p r o c e s s  s o  t h e  

p r o b a b i l i t y  t h a t  a n  e v e n t  i s  o b s e r v e d  i n  ( t ,  t  +  A t )  i s  a p p r o x i m a t e l y  X A t .  

S i n c e  i t  w a s  a s s u m e d  t h a t  t h e  p a r t i a l  d i s c h a r g e  p u l s e s  d o  n o t  o v e r l a p  t h e  

c o v e r a g e  o f  t h e  i n t e r v a l ,  ( 0 , T ) ,  b y  t h e  s q u a r e  p u l s e s  i s  X T D  w h e r e  D  i s  t h e  

w i d t h  o f  t h e  s q u a r e  p u l s e .  A l s o ,  t h e  c o v e r a g e  o f  ( 0 , T )  b y  n o i s e  o n l y  i s  

T  —  X T D .  T h e  m e a n  n u m b e r  o f  t r i g g e r s  in  t h e  i n t e r v a l  ( 0 , T )  d u e  t o  t h e  

n o i s e  o n l y  i s  a p p r o x i m a t e l y  g i v e n  b y

E{ C„(0, T  -  X TD ) } =  (T  ^ T D )
a

2

a o

%

e

u~
2o o

T h e  m e a n  n u m b e r  o f  t r i g g e r s  i n  t h e  i n t e r v a l  ( 0 , T )  d u e  t o  p a r t i a l  d i s c h a r g e  

p u l s e s  p l u s  n o i s e  i s  a p p r o x i m a t e l y  g i v e n  b y

E {  C u _ a ( 0 ,  X T D ) }  =
X T D

2 7T

a “ — 2 a u

0 p ( a )  d a

w here p (a) is th e  p robab ility  density  of the  p a rtia l d ischarge am plitude . 

T he am plitude , a, is assum ed to  be of one po larity  and  if th e  d ischarge has a 

negative  p o la rity  th en  the  sam e expression applies if a negative  trigger is 

used (downcrossing). T he in teg ra l in th e  above expression is easily 

ev a lu a ted  for special p robab ility  densities such as the  gam m a density . If the  

am plitudes are  gam m a d is trib u ted  w ith  density  given by



t h e n  t h e  m e a n  n u m b e r  o f  t r ig g e r s  is  a p p r o x im a t e ly  g iv e n  b y

E{ Cu_.a((), XT B ) }

I

(X T D ) a 2 2 n IO77rv I1X
- 2  n „

e

2tt a O
Mn I 277 a O ] | '( n + 1 ) (  U  -  nu-i )- 

2 n  ()

e

T he co n stan t, //„, is found from  evaluating  the  expression

f t ,  =  I
0 V 27raO

[ a  -  ( u  -  O o B ) f  

2 o0

Using these form ula, N n, N pd and  N t are approxim ately  given by

N n =  E {C u(0, T  — XT A T  } 

N pd =  E{C u_ a(0, X T A T  }

N t =  N n +  N r

T he in p u t SNR can also be w ritten  as

SNR;i n , I

X T ^ p

T o n2

w here ^  pd an d  T  o2 are  th e  average p a rtia l discharge pulse energy an d  noise 

energy respectively . T he level, u, is chosen so th a t  N t A T  <  T  which m eans 

th a t  no m ore th a n  one trigger due to  noise occurs in A T . If th is condition  is 

no t m et th en  th e  following approx im ations for the  increase in SNR will be 

pessim istic. Also th e  noise b an d w id th  is assum ed to  be com parable  to  the  

pulse b an d w id th  so th a t  Cn_ a(0, D) <  I. This m eans th a t  each p a rtia l
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discharge pulse will provide only one trigger ra th e r  th a n  m ultip le triggers. 

As a p rac tica l m a tte r , this choice of b andw id th  is preferred  because it 

provides the  best in p u t SNR. In fac t, to  achieve b e tte r  perform ance, an 

analog m atched  filter should be used on th e  incom ing d a ta  which W o u ld  

force; th e  signal and noise to  have com parable  band  w idths. Provided th a t  

the$e conditions are m et then  the inpu t SNR for the  reduced d a ta  se t is

SNRin,2
Npd % pd 

N t : A T  4

T he gain in th e  in p u t SNR is

r-

SNRill2

SNRjJljl

Npd T  I ‘ 

N t A T  XT

In th e  noiseless case where Npd =  N t =  XT the  gain in th e  SNR is for

which it is assum ed th a t  the only triggers generated  are generated  by the 

p a rtia l d ischarge pulses them selves. T he SNR gain can  be p u t in to  a m ore 

suggestive form  using the definitions Xpci T  =  N pd and  Xn T =  N 11 which gives

C X ' . : 5 ; ' s :■■■ .

G  SN R

i

XAT

X.

^nd +  \ i

w here th e  first te rm  represents the  ideal gain  an d  th e  te rm  in b rack e ts  

rep resen ts the  loss in gain due to  th e  nonideal behavior of th e  a lgorithm .

T he above form ulas represen t the  gain in th e  in p u t SNR using th e  

a lgorithm  and  it is of in te rest to  find a sim ilar expression for th e  O utput 

SNR. T he es tim ate  being used is th e  cross-corfelation  betw een th e  "two 

in p u ts  an d  expressions for the  variance  of a cross-correlation  e s tim ate  can be 

found in [15]. Ignoring the  con tribu tion  to  th e  varian ce  from  th e  

random ness of th e  p a rtia l discharge am plitude  an d  considering only th e  

co n trib u tio n  from  th e  noise gives the  o u tp u t SNR for d irec t averag ing
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SNRoutj j
(  X T  %  p d  ) 2

T  &

T he T e r m , i s  defined by

§>

O O

I  K lUlIr) K , n i r) dr

w here R niUt(r) and  R no „.,(7) are  the au toco rre la tio n  functions of th e  noise in 

th e  tw o channels. Using th e  level crossing a lgorithm  gives an  o u tp u t SNR 

given by

SNR,out,2
( N p j g y )2

N t A T  9?

T he gain in the  o u tp u t SNR is given by

g SN R

I

XAT

L \

\ > d ^ p d

X ; \ d  +  X n

w here th e  first te rm  is th e  ideal gain in the  SNR an d  the  te rm  in b rack e ts  is 

th e  loss due to  th e  algorithm .

It should be po in ted  ou t th a t  th is analysis is only ap prox im ate  an d  

gives a sim ple closed form  expression for a highly complex problem . T hese 

expressions m ight best be tre a te d  as upper bounds on th e  possible increase 

in the  SNR. Even though these expressions a re  ap prox im ate  an d  th e  

technique ad  hoc, th e  resu lts of using th is technique are  excellent. T he 

following experim ental sim ulation illu s tra te s  th e  effectiveness of th e  

algorithm  for m easuring p a rtia l d ischarge buried  in noise. T he rm s level of 

the  noise was 97 m v w ith  a peak pulse height of 200mv. Fig. 2.19 illu s tra te s  

a typ ical d a ta  record w ith  a  pulse buried  in noise. T he noise h ad  a 

ban d w id th  of 2MHz, th e  pulse had  a  d u ra tio n  of 500 ns an d  X w as 60 . T he 

observation  tim e, T , was 600 seconds, th e  sam pling ra te  was 10 M Hz and
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Figure 2.19. Low level p a r tia l d ischarge pulse, a ) Pulse  buried  in noise, b) 
A ctu a l pulse show n to  scale of a), c) M agnified (XlO) pulse.
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A T was 6.4 /rs. T he in p u t SNR for a single d a ta  segm ent contain ing  a pulse 

was ab o u t -6 dB while the  in p u t SNR for th e  en tire  process w as ab o u t -74 

dB. T he trigger level was 500 mv and  th e  residual m ean  a t  the  digitizer 

in p u t was 1.8 m v giving an  effective trigger level of 498.2 m v. T he m easured 

value of N n was 2230 while the  th eo re tica l value  w as 2244. T he m easured 

Value of Npd w as 335 while th e  th eo re tica l value w as 319. T he resu lts of the 

processing are  shown in Fig. 2.20. T he th eo re tica l gain  in the  inpu t SNR 

was 25 dB, th e  th eo re tica l gain in th e  o u tp u t SNR w as 5 dB and the  

th eo re tica l o u tp u t SNR was 15 dB. T he average energy in the  p a rtia l 

d ischarge pulses is ca lcu la ted  from

N t
g Dd = -------- 1Tr— R (O )A T

N t -  N ntheor • '

where R is th e  es tim ated  cross-correlation  function . T he es tim a te  for the  

p a rtia l d ischarge was 16.9 nv2 and  th e  a c tu a l value  w as 17.5 nv , which is 

w ith in  the  expected  accuracy  based on th e  th eo re tic a l o u tp u t SNR. This 

resu lt corresponds to  m easuring p a rtia l pulses w ith  a charge of ab o u t 0.0045 

pC  th a t  occurs only once per cycle a t  60 Hz. T he o u tp u t h ad  a m odest gain 

in SNR as com pared  to  d irec t averag ing  b u t th is figure does no t reflect the 

tru e  perform ance of th e  algorithm . To accu ra te ly  assess th e  a lgorithm  bo th  

the  gain in o u tp u t SNR and  com pression of th e  d a ta  need to  be exam ined. 

F or d irec t averaging 12 g iga-bytes of d a ta  would need to  have been collected 

an d  processed. Using the  level crossing a lg o rith m  only 328 kilo-bytes were 

processed which is a com pression fac to r of 36550. One final com m ent is in 

Order ab o u t the  algorithm . T he trigger level is in  th e  exponent of the  

form ulas an d  consequently  the  a lg o rith m  is very  sensitive to  sm all changes in 

th is level. r

To im prove th e  o u tp u t SNR of th e  m easu rem en t fu rth er, m ore 

so p h istica ted  processing could be perform ed. T he generalized  likelihood 

ra tio  te s t could be used as a second screening a lgo rithm  before th e  d a ta  is 

included in the  e stim ate . This te s t is discussed in c h ap te r  four w here an 

approx im ation  is p resen ted  for th e  te s ts  im p lem en ta tion . Using some 

definitions, th e  perform ance gain  from  th e  second te s t  can  be s ta te d  in term s 

of th e  previous results. These definitions a re
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A V E G X 2

S E C O N D S

A V E C X a

S E C O N D S

F igure  2.20. R esu lts  of level crossing algorithm , a) Ideal o u tp u t of 
a lg o rith m , b) O u tp u t of algorithm  for experim en ta l d a ta .
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P 0 == Pr(decid ing a pulse is p resen t | pulse is p resen t)

Pf  =  Pr(decid ing a pulse is p resen t j pulse is no t p resen t)

W hen a hypothesis te s t is perform ed on the reduced d a ta  se t contain ing  a 

to ta l of N 1 records then new values for the  counts of d e tected  and falsely 

de tected  p a rtia l d ischarge pulses m ust be used. These new num bers arc 

given by

M t =  N t ( P 0 + P f  )

Mpd =  N t Pd

R eplacing Nt, N pd and N n w ith M t, M pd and Mn in the above expressions 

then  gives the  perform ance of the  the  tw o algorithm s used in conjunction . 

T he only m otivation  for using these algorithm s in conjunction  is to reduce 

th e  am oun t of d a ta  th a t  needs to  be processed. If the processing resources 

were availab le  then  only a detection  algorithm  would be necessary (and 

desirable). An ad hoc detection  schem e, based on the  cross-correlation  

function , can be used and will respond to  any correlated  in p u t (both p a rtia l 

d ischarge or in terference). The te s t would be ,

H u

I  x ItM t ) d t  ^  T -

w here 'y would be the  th reshold  of the  test. H istogram s under the  tw o 

a lte rn a tiv es  using th is cross-correlation based tes t are shown in Fig. 2.21 for 

the  sam e d a ta  discussed above. The H 0 a lte rn a tiv e  is signal plus noise and  

the  H 1 a lte rn a tiv e  is noise only. I t is easy to  see from  Fig. 2.21 th a t  a 

decision region can be chosen such th a t  P f  is small which will im prove th e  

o u tp u t SNR if the detection  algorithm  is used.



□ .  O l

Figure 2.21. H istogram s of the processor o u tp u t under the  two hypothesis .
H0 is to  the  righ t of th e  th resho ld  and  H 1 is to  the left of the 

th resho ld .

OO
o



C H A P T E R  T H R E E  

D E L A Y  E S T I M A T I O N

3.1  I n t r o d u c t io n

T his ch ap te r  discusses techniques for locating p a rtia l d ischarge sites in 

high voltage equipm ent using d igital signal processing techniques to  e s tim ate  

the  tim e of a rriv a l of the  signals. T here is a vast body of lite ra tu re  

p e rtin en t to  delay estim ation  including passive delay estim ation  techniques 

[16]. Passive delay estim ation  is required to  locate a signal source, (signal 

em itte r), w hen the  m easuring device has no knowledge ab o u t th e  abso lu te  

tem poral ch arac te ris tics  of th e  signal, (ie; its absolute tim e origin). F o r 

exam ple, passive sonar system s use the  sound em itted  by enem y subm arines 

to  deduce th e ir  locations w ithou t any inform ation abou t the  abso lu te  tim e 

a t  which the  sound was produced. T he tim e delay inform ation  is deduced 

using th e  rela tive  tim e delays betw een the  signals, (m ultiple receiver 

appro ach ), or th e  signal and  its reflection, (single receiver approach). T here  

are  so m any delay  estim ation  techniques th a t  it would be im p rac tica l to  

discuss each  in d e ta il so several will be outlined b u t only a few specific 

approaches will be consider in detail.

C ross-correlation  techniques have several ad v an tag es over o th er 

techniques th a t  are  used to  determ ine delay differences. T he p rim ary  

ad v an tag e  th a t  cross-correlation  has is th a t  it m aps a signal w ith  a random  

tim e v a ria tio n  in to  a tim e (tim e delay) s tab le  function. T his allows the  use 

of a 100% coheren t averaging. In o ther words by averaging cross-correlation  

functions one is assured  th a t  each elem ent of the  average is perfectly  lined 

up w ith  th e  o thers. D irect averaging of the  signals can never provide th is 

p e rfec t a lignm ent. T he next ad v an tag e  is th a t  u n corre la ted  noise averages 

to  zero so th a t  signals buried  in th e rm al noise can be easily ex trac ted . The 

filial ad v an tag e  th a t  cross-correlation has for th is app lica tion  is th a t  

physically  se p a ra te d  p a rtia l d ischarge sites are uncorre la ted  w ith  each o ther.
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This says th a t  a cross-correlation function  for a device w ith  m ultip le 

discharge sites will sim ply be the  superposition  of the  indiv idual cross

corre lation  functions of each site.

A non-correlation  based technique for locating th e  p a rtia l d ischarge 

sites is discussed in section 3.2. This m ethod seems to  p redom inate  the 

cu rren t techniques for locating p a rtia l d ischarge even though th is m ethod 

has been abandoned  by o ther disciplines because of its inaccuracies; This 

m ethod is included for com parison and  an  error analysis is perform ed la te r  

in the  ch ap te r.

T he generalized cross-correlation (GCC) m ethod  for locating a passive 

em itte r is discussed in section 3.3. This technique is th e  preferred  m ethod  

for source localization  because of the  accuracy  th a t  it provides. This 

technique uses prefilters th a t  are op tim al in some prescribed sense. The 

different v a ria tio n s th a t  will be discussed are  useful in solving some of the  

problem s encoun tered  in m easuring tim e delay  in high voltage system s. High 

accuracy  results are possible using the  m axim um  likelihood (ML) w eighting 

function  and th is m ethod is the  preferred  m ethod for sm all d a ta  records. If 

the  m easurem ents are m ade in a system  w ith  narrow  b an d  in terference the  

W iener processor (W P) im plem entation  seems to  provide the  best results.

Bias errors th a t  can occur when m aking delay estim ates are  discussed 

in section 3.4. In the  ideal case m any delay estim ato rs  are  unbiased , 

however, in the  general m easurem ent s itu a tio n  various types of bias errors 

can co rru p t the  estim ate . These errors can  arise because of the  lack of 

tem poral resolution w hen overlapping pulses are encountered . O ther errors 

occur w hen th e  channel contains a phase d isto rtion  which d isto rts  the  

correlation  function  causing a sh ift in i t ’s m axim um . Bias errors can occur 

th rough the  processing m ethods th a t  are  chosen to estim ate  the  delay. For 

exam ple, in certa in  situ a tio n s au toco rre la tio n  estim ates can be highly 

biased. Section 3.5 discusses the  variance  of delay estim ates and illu stra tes  

th e  ad v an tag e  of correlation  based  estim ato rs over tim e of a rriva l 

estim ato rs. T he C ram er-R ao lower bound is discussed along w ith  a local 

analysis of th e  variance  for wide sense s ta tio n a ry  processes and  tra n s ie n t 

n o n sta tio n ary  processes.

T he m ethods th a t  are  used to  reduce the  delay bias due to  overlapping 

correlation  functions are  referred to  as deconvolution. Section 3.6 discusses 

an ad hoc generalized cross-correlator, referred to  as the  m odified PH A T  

(PHAse T ransform ) processor, which provides g rea ter range resolution in the
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m easurem ents. The filter is a com bination of th e  PH A T  GCC and  th e  ML 

GCC which uses a naive approach  to deconvolution for the frequencies w ith  

high signal to  noise ratios and uses the op tim al ML solution for the  

frequency regions w ith a low signal to noise ra tio . Section 3.7 discusses a 

new GCC based on a m inim ax equalizer th a t  recently  app eared  in lite ra tu re . 

T h is  p a rticu la r im plem entation  provides im proved range resolu tion  a t  th e  

cost of a greater variance  of the estim ate . T he unusual a sp ec t of th is 

processor is th a t  the necessary signal spectral ch arac te ris tics  are  e s tim a ted  

and  the  estim ation error is incorporated  in to  the  so lution.

3 . 2  A  N o n - c o r r e l a t i o n  B a s e d  L o c a t i o n  T e c h n i q u e

The, first m ethod uses only the  estim ated  arriv a l tim es a t  a single 

receiver and  there are several approaches to  estim ate  th e  tim e of a rriv a l of a 

signal. The sim plest m ethod is to use the  tim e a t  which th e  signal crosses 

some predeterm ined threshold  (the threshold  is o ften  chosen to  be the  

s ignal’s m aximum). This approach  is used in TD R system s an d  has lim ited 

app lica tion  because of the  difficulty in determ ining the  a p p ro p ria te  th resh o ld  

for d istorted , noisy or unknow n waveform s. F u rth erm o re , if th e  d ischarge 

site is extrem ely active or there  are m ultiple d ischarge sites, ac tive  a t  nearly  

the  sam e tim e, the  num ber of discharges p resen t on th e  T D R  screen 

p revents a correct delay estim ate  from  being m ade. T his technique has been 

used in factory testing  in a ttem p ts  to  locate  p a r tia l d ischarge sites. 

Typically , a wide band  coupling device is p laced a t  one end of th e  cable and 

the  pulses are observed on an oscilloscope. The observed p a tte rn  consists of 

a d irectly  arriving pulse and  a pulse reflected back  from  th e  opposite  end  of 

th e  cable. There are o ther term s due to  fu rth er reflections as th e  pulse rings 

back  and  forth  on the  cable b u t these are of little  in te res t. T he location  is 

deduced from  an estim ate  of the  tim e difference betw een th e  first tw o pulses 

appearing  on the screen. T he tim e difference will be T  =  T +  b — a, w here 

T  is the  to ta l electrical length of the  cable, a is the  p ro p ag a tio n  tim e from  

the  site  to  the cable end w ith  the  coupler and  b is th e  p ro p ag a tio n  tim e 

from  the  site to  the  o ther end of the  cable. T he position of th e  site , €  , is 

then  given by

e  =  y2 [L  -  ( r -  T ) u \

where L is the  length of th e  cable and  v  the  p ro p ag a tio n  velocity .
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As m entioned above, th ere  are  several difficulties w ith  th is approach . 

The cable is dispersive and  consequently  n e ith er th e  fro n t edge of th e  pulse 

or th e  pulse shape is preserved. T he second pulse is less in am plitude  th a n  

the  first. T he am plitudes are  random , causing a j i t t e r  on th e  screen. All 

th ese  fac to rs con tribu te  to  th e  difficulty of ob tain ing  a delay  e s tim a te  using 

e ith er the  p eak  or some predeterm ined  am plitude  th resho ld  as a reference on 

the  tw o pulse. These problem s can easily cause large erro rs in cables of 

su b s ta n tia l length. A nother problem  occurs when the  d ischarge is low level, 

or if th ere  is a large am oun t of in terference because it is very  difficult to 

o b ta in  a s tab le  enough display  in o rder to  m ake a m easu rem en t. A fu rth e r 

problem  occurs when th ere  is a large am o u n t of d ischarge a c tiv ity  p resen t in 

the  cable. In the case w here th ere  is only one site , w hich is very active, 

confusing resu lts can be ob ta ined . T he problem  occurs w hen th e  reciprocal 

of th e  coun t ra te  in tensity  function  is on th e  order of th e  e lec trica l length  of 

the  cable. In th is case th e  second pulse on th e  screen is n o t necessarily  due 

to  the  reflection from  th e  opposite end of th e  cable b u t m ay be due to  a 

second discharge occurring. T he sam e phenom ena h appens w hen the  

reciprocal of the  com bined count ra te  in ten sity  function  for m ultip le  p a rtia l 

d ischarge sites is on the  order of the  electrica l length of the  cable.

An im provem ent in th is technique can be m ade by using m atch ed  

filtering. T here  are num erous artic les on th is sub ject, m ost of v/hich apply  

to  active delay  estim ation  schem es. T his technique cross-correlates a known 

w aveform  w ith  the  incom ing signal; th e  tim es of a rriv a l a re  th en  th e  tim es 

a t  which th e  o u tp u t corre lation  function  a tta in s  its m axim um s. 

M ath em atica lly  th is opera tion  is rep resen ted  by

R (r) -  /  x(t) s ( t - f )  d t

x(t) =  s(t) +  n (t)

where x(t) is th e  signal received a t  a  single location on th e  cable , n (t) is a 

w hite noise process, and  s(t) is the  know n p a rtia l d ischarge w aveform . T his 

approach  w ould m easure the  tim es of a rriv a l of the  signal an d  its reflections. 

M atched  filtering yields excellent delay  estim ates provided th a t  th e  signal 

shape is accu ra te ly  known before h an d . T he sam e ap p ro ach  used for the
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TDR would th en  be used to  locate  the  site, the  only difference being the 

m ethod of choosing the  a rriva l tim e.

This app ro ach  has few er problem s th a n  th e  TD R  ap p ro ach  b u t it also 

fails in certa in  s ituations. The problem s associated  w ith  selecting a proper 

th reshold  are  now elim inated  and  th is technique perform s very well in 

s itu a tio n s w here there  is high levels of noise. How ever, there  is now the 

problem  of selecting a p roper known w aveform  to  use for th e  m atched  filter. 

A calib ra tio n  experim ent can provide an  ad eq u a te  w aveform  for th is 

purpose. However, because the  signal will trav e l though  an unknow n 

am ount of cable the  shape will be slightly  different th a n  T he ca lib ra tin g  

signal p o ten tia lly  causing an e rro r in the  delay e stim ate . T he m ajor 

problem  is due m ultip le  discharge w aveform s arriv ing  in close tem poral 

proxim ity  to  each o ther. In this case the  m atched  filter will no t provide any 

b e tte r  resu lt th a n  the  TD R did.

T here are  generalizations to  th e  m atch ed  filter ap p ro ach  which tak e  

in to  accoun t non-w hite noise case [42]. T he resu lting  corre lation  function 

will then  becom e ■

R ( - )  =  &  -1
XM s*M  

: N M

w hera X(cc’) and  S ( c<j ) are th e  F ourier transfo rm s of th e  received d a ta  and 

known w aveform  respectively. T he term , N(oj), is th e  power spec tra l density  

of th e  non-w hite wide sense s ta tio n a ry  noise co rrup ting  th e  m easurem ent. 

T his p a rtic u la r  im plem entation  is effective in e lim inating  narrow  band 

in terference from  th e  m easurem ents which is a p a rticu la rly  troublesom e 

problem  in these m easurem ents. A n o th er problem  th a t  can  be addressed 

using th is a p p ro a c h e s  th e  problem  assoc iated  w ith  closely spaced  pulses. If 

th e  spacings are  exponentially  d is trib u ted  ran d o m  variab les (a Poisson

process) w ith  a m ean  value th en  th e  m atch ed  filter can  be m odified to

R ( r )  _1
x m s *M 

. X|SMI2 + n H  .
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This p a rtic u la r  ap p ro ach  essen tia lly  deconvolves th e  in p u t w aveform , 

how ever, th e  varian ce  rap id ly  increases an d  typ ical resolu tion  perform ance 

can no t be expected  to  exceed a fac to r of tw o if a reliable estim ate  is 

desired. '

3 . 3  G e n e r a l i z e d  C r o s s - c o r r e l a t i o n

C orrela tion  m ethods a re  widely used in delay  estim atio n  problem s and 

th e re  is v a s t lite ra tu re  on various corre lation  techniques. In the  p a s t decade 

a new type of corre lation  schem e em erged and  is referred  to  as generalized 

co rre la tion , [18,39]. T he basic idea is to  p refilter the  signals in some optim al 

m an n er and  th en  cross-correlate. T he op tim iza tion  c rite ria  is d ic ta ted  by 

th e  needs an d  co n stra in ts  of th e  p a rtic u la r  problem  a t  h an d .

Once a m easu rem en t m odel is developed th e  corre lation  techniques can 

be easily im plem ented on a  com puter using an  F F T  ap p ro ach . T he received 

signals are  as

x(t) =  s(t) +  n x(t) +  I1(I) 

y (t) =  s ( t - D )  +  n 2(t) +  i2(t)

w here th e  signal s(t) an d  a  delayed version, s(t-D ), are  th e  signals from  the 

p a rtia l  d ischarge site  to  be located . T he p a ra m e te r  to  be estim ated  is the  

re la tive  delay, D, betw een th e  tw o signals. F o r sim plicity , th e  d isto rtion  due 

t o  t h e  p r o p a g a t i o n  th ro u g h  d i f f e r e n t  p a t h  l e n g t h s  w i l l  n o t  be i n c l u d e d .  The 

signals w ill be generated  by e ith er a wide sense s ta tio n a ry  random  process o r  

by random  tra n s ie n t events. T he th erm al noise from  th e  am plifiers i s  

m odeled as. wide sense s ta tio n a ry  noise w ith  power sp ec tra l density  N(cv’). 

T he q u an tiza tio n  noise from  th e  d igitizer, will be assum ed to  be zero m ean, 

independen t j iden tically  d is trib u ted , (iid), random  variab les. The 

m easu rem en t noise, n ^ t )  an d  n 2(t), is a com bination  of bo th  the th e rm al 

noise an d  q u an tiza tio n  noise. T he signals .ii;( t)  and  i2(t) a re  associated  w ith  

signals from  o th er sources n o t p resen tly  of in te res t an d  in terfering  w ith  the  

signals from  th e  cu rren t site  u n d er investigation . T hese signals can come 

from  a num ber of different sources for exam ple reflections of the  signal from  

d iscon tinu ities in the  device, o th er p a r tia l d ischarge sites, signal sources 

ex terio r to  th e  device under te s t. W ith  th e  exception of th e  reflected signals
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t h e  i n t e r f e r i n g  s i g n a l s ,  I 1 ( t )  a n d  i 2 ( t ) ,  w i l l  b e  c o n s i d e r e d  t o  b e  i n d e p e n d e n t  o f  

s ( t )  b u t  c o r r e l a t e d  w i t h  e a c h  o t h e r .

T h e  d e l a y  i s  d e t e r m i n e d  f r o m  t h e  c r o s s - c o r r e l a t i o n  f u n c t i o n  w h i c h  i s  

e s t i m a t e d  a s

I T/2
R ( r ) =  Tf I Mt) y ( t + r ) d t

1  - - T / 2

T h e  d e l a y  e s t i m a t e ,  D ,  b e t w e e n  t h e  t w o  s i g n a l s  i s  t h e  v a l u e  o f  r  a t  w h i c h  t h e  

f u n c t i o n ,  R ( r ) ,  h a s  i t s  m a x i m u m

D =  a r g m a x R (r)

C r o s s - c o r r e l a t i o n  i s  a n  e f f e c t i v e  m a n n e r  f o r  d e t e r m i n i n g  t h e  d e l a y  b e t w e e n  

s i g n a l s  a n d  h a s  b e e n  u s e d  e x t e n s i v e l y  f o r  t h i s  p u r p o s e  b y  m a n y  d i s c i p l i n e s .

T h e  p e r f o r m a n c e  o f  t h e  c r o s s - c o r r e l a t o r  c a n  b e  i m p r o v e d  u p o n  b y  

o p t i m a l l y  p r e f i l t e r i n g  t h e  i n p u t  s i g n a l s  b e f o r e  c r o s s - c o r r e l a t i n g .  T h i s  

o p e r a t i o n  i s  r e f e r r e d  t o  a s  g e n e r a l i z e d  c r o s s - c o r r e l a t i o n  [ 1 8 , 3 7 , 3 8 , 3 9 , 5 9 ]  a n d  

i t s  i m p l e m e n t a t i o n  i s  s h o w n  i n  F i g .  3 . 1 .  T h e  f i l t e r s  h x( t )  a n d  h 2 ( t ) ,  o r  

e q u i v a l e n t l y ,  a  w e i g h t i n g  f u n c t i o n ,  w ( t ) ,  a r e  c h o s e n  t o  o p t i m i z e  t h e  

m e a s u r e m e n t  o f  D  i n  s o m e  c h o s e n  m a n n e r .  T h e  r e s u l t a n t  c o r r e l a t i o n  

f u n c t i o n ,  i s  g i v e n  b y

R (r) - 9  -■{  H 1(W) Hj*(w) Sx y (W) }

=  S '  1 ( W(V) Sx y (w ) }

T h e  t e r m  S x y C w ) i s  t h e  c r o s s - s p e c t r a l  d e n s i t y  o f  t h e  s i g n a l s  x ( t )  a n d  y ( t )  a n d  

c a n  b e  e x p r e s s e d  a s

Sx y (w) =  G p i(w) G u (w) G p2(w) G t2(^ ) S(w )
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G E N E R A L I Z E D  C R O S S  C O R R E L A T O R

x ( t )  =  s ( t )  + I l 1 ( I )  

y ( t )  =  s ( t - D )  + n 2( t )

K f f c M  = T 1 ( G ^ I f ) W ( O )

F igure  3.1, Block d iag ram  of generalized  cross-correlator.
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w here S(oj) is the  spectra l density  of the  signal before being filtered. The 

filters acting  on the  signal will be the cascade of the filter, G D(w), describing 

the  p ro p ag a tio n  p a th s  th rough the device and  the  filter, G t(o>), describing 

the  tran s fe r  ch arac teris tics  of the m easuring circuits. Once the  relative 

delay , D, betw een the  two signals is determ ined, then  along w ith  th e  known 

length, L, betw een m easuring points and a m easured velocity of p ropagation , 

the  p a rtia l d ischarge site can be located. The location, C , will be given

by ; ^

, V ’ I  =  ( L -  z/D )

Some of th e  generalized cross-correlation techniques availab le  can be 

a d a p te d  to  au toco rre la tion  processing. In th is case the  co rre la to r would use 

th e  form  of th e  generalized corre lator th a t  utilizes the  w eighting function , 

W(w). T he inpu ts x(t) and y(t) would be th e  sam e signal an d  would come 

from  a single receiver. In th is case, th e  interfering signals, due to  reflections, 

would be necessary to  determ ine the relative delay. The correct delay would 

be th e  second largest peak in the  correlation  function, (since th e  

au toco rre la tio n  function , by definition, always has its m axim um  a t  the  

origin). T he location, (  , will be given by

e L
uD

2

A few of th e  more useful approaches are m entioned below. T he 

H annan-T hom pson  processor, (HT), is the  m axim um  likelihood 

im plem enta tion  of th e  generalized cross-correlator [39], T he H T processor 

a tta in s  th e  th eo re tica lly  best perform ance of any  .delay e s tim ato r, (it 

achieves the  C ram er-R ao lower, bound on the  variance). T he constra ined  

deconvolution processor, (CD), solves the  deconvolution problem  w ith  the  

co n stra in t th a t  the  o u tp u t noise be held to  a prescribed level or th a t  th e  

gain  b an d w id th  of the  w eighting be held a t  a  prescribed level. T his filter is 

th en  used to  p refilter the  signals before correlating. This ap p ro ach  yields 

th e  best resolu tion  of th e  correlation  techniques for a given o u tp u t SNR. 

T his p a rtic u la r  processor is developed in section 3.7 along w ith  a  m inim ax 

version. T he W iener processor, (W P), m akes a  best, (linearly constrained),
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estim ate  of the  in p u t signals before corre lating  [38]. T he W P approach  can 

be useful in situ a tio n s w here there  is a  large am oun t of in terference or 

d isto rtion . T here are o th er generalized cross-correlators b u t these are th e  

m ost useful in th e  p resen t study .

3 . 4  B i a s  o f  D e l a y  E s t i m a t e s

W hen processing signals to  determ ine w here th e  sources of the  emissions 

a re  located  one is n a tu ra lly  concerned a b o u t th e  va lid ity  of the  e stim ate . 

F or exam ple, assum e th a t  th e  m easurem ents will be m ade on a cable of 

length L an d  th a t  the  cable has m atch ed  im pedances a t  bo th  ends. A 

m easu rem en t is th en  m ade of a signal arriv ing a t  bo th  ends of th e  cable. 

F u rth erm o re , assum e th a t  a  perfect p a ram etric  model of bo th  the  signal and  

noise a re  availab le. T he question is how accura te ly , based on a record of 

length  T , can the  position of the signal be located . T ypical m easures of 

perform ance are th e  variance , bias and  p robab ility  of e rro r of th e  delay 

e stim ate . These calcu lations will depend on the  p a ram etric  m odel of th e  

signal and  th e  noise an d  th e  technique used to  determ ine the  delay. M any 

tim es these  calcu lations are in trac tab le  so certa in  assum ptions an d  

approx im ations m ay be necessary.

One fac to r affecting th e  accuracy  is the  error due to  the  bias of th e  

e stim ate . Typically , estim ates are sought which are e ither unbiased or 

asym pto tica lly  unbiased , (as th e  the  record length increases the  bias goes to  

zero). F o rtu n a te ly , for tw o in p u t delay estim ato rs  th e  bias of th e  delay 

e s tim a te  is zero in the  ideal case. However, w hen a S ituation develops in 

Which th e  peaks are  no t highly resolved th ere  is th e  possib ility  th a t  th is  lack  

of resolution will cause th e  e stim ate  to  be biased. T he b ias is due to  th e  

overlapping of a d jacen t individual correlation  functions co n stitu tin g  th e  

en tire  corre lation  function . A sym m etry in the  differential channel will also 

co n trib u te  to  th e  b ias by skewing th e  correlation  functions. : • • /

T he following discussion on bias is an  extension of an  analysis given in 

[37] in which assum ptions ab o u t th e  in teg ra tio n  length are  used as 

ju s tifica tio n  for some of the  derivation . T he purpose of th e  analysis in [37] 

was to  show th a t  th e  delay  b ias was zero b u t as will be seen below th is only 

happens in special cases. T o develop expressions for th e  bias it is necessary  

to  consider a  p a rticu la r  signal m odel. T he m easurem ents from  tw o locations 

will be m odeled as
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x ( t )  =  £  S i ( I ) ^ n 1 ( I )  (3.4.1a)
i=l

y ( t )  =  E M t ) * si ( t —D i ) +  n 2( t )  (3.4.1b)
i—I

The signals, S i , will be considered to  be e ith er wide sense s ta tio n a ry  or 

random  tran s ien t events w ith  relative delays, D i. If th e  signals a re  

considered to  be wide sense s ta tio n a ry  th en  th e  ex pecta tion  will be ta k e n  

w ith  respect to  the ap p ro p ria te  random  process. If random  tra n s ie n t even ts 

are considered then  the  expecta tions will be ta k e n  w ith  respec t to  th e  

random  am plitude. T he tran s ie n t events will be considered to  be en tire ly  

contained  w ithin  the observation  in terval. If necessary  th e  pulse shapes of 

the  tran s ien ts  could be considered random  b u t th is will n o t be done. T he 

filter, hj, is a differential filter describing the  difference in th e  channel 

ch arac teristic  due to  fac to rs o th er th a n  the  linear delay. T hese filters will 

describe the  nonlinear phase d isto rtion  and the  sp ec tra l shap ing  of th e  

signals. The two noise term s, nj and n 2 are zero m ean, s ta tio n a ry  ran d o m  

processes, (or wide sense s ta tio n a ry  if desired). T he noise term s are  

independent of each o ther and  independent of th e  signals, S i . D epending 

upon the  situation , the signal term s, S i , m ay or m ay no t be in d ep en d en t of 

each o ther. To estim ate  th e  delays, D i , th e  function  </>(r) is used

T /2

<Hr) = f  I S i M M t ) ]  I E i t t ) * y (1 + r ) ] d t
- w .......

where th e  filters, g j(t) and  g2(t), a re  the  op tim al filters used in th e  

generalized cross-correlator. F or sim plicity , these  filters will no t be included 

in the  following analysis, ( it is a sim ple m a tte r  to  include th em  if desired). 

T he generalized cross-correlation prefilters are  zero phase  and  it will be seen 

la te r th a t  zero phase filters have no effect on the  b ias. T he e s tim a te  of th e  

delays, Di , are th e  values of r  a t  which <j)(r) has its local m axim um s. T his 

function consists of tw o term s

=  +  f3-4-2)
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The first te rm  is com prised of the  cross p roducts of the  signals and  is given 

by

M T)

N ’ N  '
Y

x :  S i ( I )

i = l . H i

d t (3.4.3a)

The second te rm  is com prised of cross p rod u cts  of the  signals and  and  noises 

and  is given by

M r ) n i ( t ) E  S i ( t  +  r )

i = l

d t (3.4.3b)

T /2

+  I  n 2 ( V )

- T / 2

N

E - h i( t ) '*  si( t  -I-T--Di )
i = i

d t

. ! T /2  '

+  /  n 1( t ) n 2( t  +  r )  d t
- T / 2

D i f f e r e n t  a s s u m p t i o n s  a b o u t  t h e  s i g n a l s ,  S j ,  w i l l  b e  m a d e  d e p e n d i n g  o n  w h i c h  

e f f e c t  i s  u n d e r  c o n s i d e r a t i o n .  H o w e v e r ,  f o r  e a c h  c a s e  t h e  b i a s  o f  t h e  

e s t i m a t e  w i l l  b e  d e f i n e d  a s

B (D ) =  E { D - D  }

where D will refer to  the  e s tim ate  an d  D will refer to  th e  tru e  value and  will 

no t be subscrip ted  unless necessary. T o arrive  a t  a  form  am enab le  to  

ca lcu lation  of th e  bias it will be necessary  to  express j r —D] in term s of the 

functions in Eq. 3.4,2. To arrive  a t  th is form  it is necessary  to  d ifferen tia te  

Eq. 3.4.2 w hich yields
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M ( T )

=
M s ( T)

+
^ M t ) I

d r 7-D
d r  ; r = D

d r

(3.4.4)

O

E xpanding 4>s{T) in to  a T aylor series ab o u t th e  tru e  delay* D, yields

^sw (D )
M T)

O C

E
H==O

r - D (3.4.5)

where < f> s ^ X  D ) refers to  the  n*^ deriva tive  of (j>§ w ith  respect to  T ev alu a ted  

a t  the  delay  D. T ak ing  the  deriva tive  o f  Eq'. 3.4.5 an d  inserting  it in to  E q .

3.4.4 yields

O C  1V D ) ,
< h ' ( T )  +  0 S  (D  ) =  -  S  V  I ^ - D I

n = l

To arrive a t  the  desired relation  i t  is necessary to  use a reversion of series 

[75] which yields

C O

V - D ]  =  V  A n [< % '(r)  + ^ s ( U ) ] "
- I l = = I  !

where th e  coefficients An are  th e  s ta n d a rd  coefficients in a reversion of series. 

R eta in ing  only th e  term s in th e  T ay lor series up to  th e  second derivative  

a n d  perform ing th e  reversion yields

( D - D )
4>s{ D ) +  <t>n ( D ) 

<^s(D )

(3.4.6)

where t  was ev a lu a ted  a t  D. T his analysis is a local analysis of th e  bias 

whose v a lid ity  holds n e a r  th e  p o in t of expansion. If th e  range of va lid ity  

needs to  be ex tended  higher o rder term s in th e  T ay lor expansion can be 

re ta in ed  how ever th e  analysis is ex trem ely  tedious. T ak ing  th e  ex pecta tion  

of Eq. 3.4.6 resu lts in
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E { D  — D  }  = E
^ s (D )

^ s ( D )

/

+  E
4 >  N ( D )

^ s '(D )
(3.4.7)

w h e r e  t h e  s e c o n d  e x p e c t a t i o n  e v a l u a t e s  t o  z e r o .  T h i s  r e d u c e s  t h e  b i a s  t o  t h e  

e x p r e s s i o n

B ( D )  =  E
^ s (D )

t f s ' ( D )

T h i s  e x p e c t a t i o n  i s  s t i l l  d i f f i c u l t  t o  e v a l u a t e  s o  a n o t h e r  T a y l o r  e x p a n s i o n  w i l l  

b e  u s e d .  T h e  f u n c t i o n s ,  ^ g ( D )  a n d  <̂ >g ( D ) a r e  b o t h  r a n d o m  v a r i a b l e s ,  

d e f i n i n g  t h e s e  a s

V  =  ^ s ( D )

a n d

Z = ^ ( D )

T h e s e  r a n d o m  v a r i a b l e s  w i l l  h a v e  m e a n  v a l u e s

a n d

E {  V  } Mv

d R SS{r)

d r

E {  Z }  =  ^
T ^2r s s ( r ) 

d i 2

T-=D

E x p a n d i n g  t h e  f u n c t i o n

F ( V , Z )
V

Z

i n t o  a  T a y l o r  s e r i e s  a b o u t  t h e  m e a n  v a l u e s  / i v  a n d  / i z , [ 6 ] ,  r e t a i n i n g  o n l y  t h e  

t e r m s  u p  t o  a n d  i n c l u d i n g  t h e  s e c o n d  o r d e r  p a r t i a l  d e r i v a t i v e s ,  y i e l d s
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F (V fZ) -
/̂ 'V I /̂ 'V 9 I

—  ■+  —  V  +  —  Z 2 +  - l T  V Z  

I 1 Z V z  K  v l

( 3 . 4 . 8 )

T a k i n g  t h e  e x p e c t e d  v a l u e  o f  E q .  3 . 4 . 8  a n d  i n s e r t i n g  t h e  e x p r e s s i o n s  in  f o r  V  

a n d  Z  g i v e s

( 3 . 4 . 9 )

4  T / 2  T / 2  -

+  ~ T  J  d x  J  d t E {  s ( t ) s ( t + r - D ) s ( x ) s ( x  +  r - D )  }

Vz dr  _ t / 2  _ t / 2

I  T / 2  T / 2

+  — -  — r- J  dx f  d t E{ s ( t ) s ( t  +  r  —D ) s ( x ) s ( x  +  r  —D ) }
Vz - t /2 - T / 2

r = D

T =  D

To sim plify these expressions any fu rth er will involve the  calculation  of the 

fo u rth  o rder m om ents inside the in tegrals which can be calcu la ted  if specific 

m odels are  considered.

T he first case to  be considered is the  bias due to  the m easurem ent 

itself. To sep a ra te  the  individual effects the  only signal th a t  will be used in 

th is case will be s ^ t ) .  F u rth erm o re , the  filter, h ^ t )  will be assum ed to  be 

zero phase  so th a t  only th e  spec tra l m agnitude is a lte red . In m ost analysis 

th e  first derivative  of </>$ is approx im ately  zero because </>s is assum ed to be 

equal to  R ss, th e  au to co rre la tio n  function , for large record lengths, T. The 

bias is also zero for the  sho rte r record lengths due to  th e  sym m etry  of the 

m om ents used in th e  calcu lations. In fac t one can continue the T aylor 

expansion  and  the  resu lting  term s will e ither have an  odd num ber of 

deriva tives w ith  respect to  r  or be m ultip lied  by /iv which evaluates to  zero. 

O nly tak in g  an  odd num ber of derivatives will give a resu lt of zero provided 

th a t  th e  higher order m om ents are  sym m etric ab o u t th e  tru e  delay, D. The 

filter has no effect because it is a zero phase filter and  will alw ays be an 

even function .
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T h e  s e c o n d  c a s e  t o  b e  c o n s i d e r e d  i s  t h e  b i a s  d u e  t o  n o n l i n e a r  p h a s e  

d i s t o r t i o n  in  t h e  c h a n n e l .  T h i s  d i s t o r t i o n  c a n  c o m e  f r o m  a  v a r i e t y  o f  s o u r c e s  

a n d  in  a  p r a c t i c a l  s e n s e  c a n  n e v e r  b e  e l i m i n a t e d .  O n e  e x a m p l e  is  t h e  

n o n l i n e a r  p h a s e  o f  t h e  m e a s u r i n g  d e v i c e s ;  i t  i s  d i f f i c u l t  t o  e x a c t l y  m a t c h  t h e  

t w o  r e c e i v e r s  w h i c h  w i l l  g i v e  a  s m a l l  n o n l i n e a r  d i s t o r t i o n .  A n o t h e r  e x a m p l e  

i s  t h e  d i s p e r s i o n  i n  t h e  p r o p a g a t i o n  p a t h  w h i c h  in  t h e  c a s e  o f  a  c a b l e  i s  a  

s m a l l  e f f e c t .  A n o t h e r  e x a m p l e  i s  g i v e n  b y  r e f l e c t e d  w a v e s  w h i c h  r e f l e c t  f r o m  

d i s c o n t i n u i t i e s  t h a t  h a v e  c o m p l e x  i m p e d a n c e s .  T o  s e p a r a t e  t h e  i n d i v i d u a l  

a f f e c t s  t h e  o n l y  s i g n a l  t h a t  w i l l  b e  u s e d  i n  t h i s  c a s e  w i l l  b e  s 2 ( t ) .  I n  m o s t  

a n a l y s i s  t h e  f i r s t  d e r i v a t i v e  o f  </>s  i s  a p p r o x i m a t e l y  z e r o .  T h i s  i s  d u e  t o  t h e  

f a c t  t h a t  ( J ) s  i s  a n  e v e n  f u n c t i o n  a b o u t  t h e  d e l a y  D .  H o w e v e r ,  in  n o n l i n e a r  

p h a s e  s y s t e m s  </>s  i s  n o  l o n g e r  s y m m e t r i c  a b o u t  D  a n d  c o n s e q u e n t l y  t h e  

d e r i v a t i v e  i s  n o  l o n g e r  z e r o .  I t  s h o u l d  b e  n o t e d  t h a t  t h e  d e f i n i t i o n  o f  t h e  

d e l a y ,  D ,  f o r  t h i s  a n a l y s i s  r e f e r s  t o  t h e  d e l a y  d u e  t o  t h e  l i n e a r  p h a s e  s h i f t  

o n l y .  O n e  o f  t h e  p u r p o s e s  o f  i n c l u d i n g  h j ( t )  i n  t h e  y (  t ) c h a n n e l  w a s  t o  

e a s i l y  i n c l u d e  t h e  e f f e c t  o f  a  n o n s y m m e t r i c  c o r r e l a t i o n  f u n c t i o n .  T h e  f i l t e r ,  

h ( t ) , i s  a  f i l t e r  d e s c r i b i n g  t h e  d i f f e r e n c e  b e t w e e n  t h e  t w o  c h a n n e l s  a n d  c a n  b e  

d e c o m p o s e d  i n t o  i t s  e v e n  a n d  o d d  c o m p o n e n t s .

' M O  =  h e ( t ) +  h 0 ( t )

_  h (  t )  - f '  h (  —  t )  h ( t )  —  h (  — t )

~  2  2

C o n s i d e r i n g  o n l y  t h e  f i r s t  t e r m  o f  E q .  3 . 4 . 9  a n d  e x p r e s s i n g  i t  i n  t e r m s  o f  i t s  

F o u r i e r t r a n s f o r m g i v e s

V1

V 1

O C

f  w H (  o j )  S s ( o j )  d u j

O C

J  < & .  H (  C d )  S g (  ( j ) d c j

— oo
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. C O  ' '

j  —j caH0(w )S (cu)dw  ■

. ■ _  0 -
C O  • .

; J  J t i e { u j ) S ( o j ) d c o

I t should be noted  th a t  H0 is purely  im aginary  and  as a consequence the  

term  — j cancels. T he m agnitude of th is bias is a function  of th e  degree of 

asym m etry  of the correlation  function ab o u t its true  linear, phase delay, D.

T he th ird  case will develop the  bias error due to  overlapping corre lation  

functions. In th is case the signal will consist of the  sum  of two individual 

signals w ith  relative delays, D ^ a n d  D 2- The tru e  delay being sought will be 

D ,. T he corre lation  functions due to  each individual signal will be assum ed 

to  be sym m etric ab o u t its corresponding delay. This case is slightly  different 

th a n  the  preceding cases and  the change is incorporated  by m odifying Eq.

3.4.6 to  be

( D - D )  =  -
,(D i ) +  <j> s i  D 1) +  <%( D 1)

A sim ilar equation  can be developed th a t  replaces Eq. 3.4.9 and  i t ’s first 

term s are given by

^S1(D i)  +  ^So(Di)

4',(D i )

„  I1V  +  / i I 
—  2 - ---------- -

M Z

(3.4.10)

w here the  term s /iy and  /Uz are defined as above. T he te rm  /^1 is the  

in terfering  te rm  and is given by th e  expression

■ « s . ! '

Using Eq 3.4.10 th e  delay bias can be expressed as
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2 f  — j  W So( w) dw 
by  +  /-tI o

I  S1( W )  d

where S 2 ( c j )  is th e  odd portion  of the power spec tra l density  of s2(t) sh ifted  

by the  delay term

exP [ - J ^ ( D 1- D 2)]

If the  corre lation  function  has a finite d u ra tio n  less th an  th e  delay 

difference, D 1- D 2, then  as th e  delay difference becom es larger th e  first and  

second derivatives of the  correlation  function  a t  th a t  po in t ap p roach  zero. 

In o th e r w ords as the  functions become m ore sep ara ted  th e  bias due to  th e  

overlap goes to  zero. This resu lt can also be expressed in th e  tim e dom ain in 

term s o f the  au toco rre la tion  functions R 1 and  R 2 of the  signals S 1 and  s2. 

The delay bias for overlapping correlation  functions is given by

B(D1)
2 R 2(D2 — D 1)

R r(O )

T he in te rp re ta tio n  of th is bias is th a t  the  in terfering  corre lation  function  

tilts  the  desired correlation  in such a m anner th a t  i t ’s m axim um  is sh ifted . 

T he t i l t  is affected by th e  slope of the  in terfering  te rm  a t  th e  location  of the  

desired peak . O ther fac to rs affecting th e  bias are  the  b an d w id th  and  power 

of the desired correlation  function . T he te rm  in the  denom inato r is the  rrns 

b andw id th  squared  (for low pass signals) tim es the  power in the  corre lation  

function . If th e  correlation  function  has a  large pow er or has a large 

ban d w id th  th en  the  bias is reduced.

This b ias expression has o th er p rac tica l im plications o th er th a n  giving 

th e  bias for overlapping corre lation  functions from  a d ja c e n t (bu t desired) 

corre lation  functions. If a  narrow  b an d  signal is in terfering  w ith  th e  

m easurem ents then  th e  resu lting  correlation  function  will be th e  

superposition  of the desired correlation  functions an d  a dam ped sinusoid . 

D epending on the  exact re la tionsh ip  betw een the  phase of th e  sinusoid and
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the desired peaks there  can be significant bias in the  desired estim ates due 

the  superposition. A no ther problem  can be caused by low frequency high 

energy impulsive interference. This is a common in terfering  signal in p a rtia l 

d ischarge m easurem ents and is caused by SCR noise, sw itching surges and 

the  like. The superposition of these pulses into  the  m easu rem en t has an 

adverse effect because the  correlation  tim e of th is in terference is typ ically  in 

excess of the  to ta l p ropagation  tim e of the  device under te s t. In o th er words 

the  presence of this in terference will bias all the delay m easurem ents.

T he next case will be concerned w ith  th e  in h eren t b ias in 

au toco rre la tion  processing. T he above analysis assum ed th a t  th e  noise in 

the  tw o channels was independent. In co n tra s t now th e  noise term s, 

U1 and n 2 will be assum ed to be equal. F u rth erm o re , th e  signal m odel has to 

be ad ju s ted  so th a t  reflections of the  signal are included. M aking these 

changes gives the  new model

x ( t )  =  £  S j f t - D i )  +  D i (  t ) 

i = l

y ( t )  =  E  Si( I - D i ) - W t )
i =  l

T he new term s for the  correlation  o u tp u t are

T / 2
N - N  I

M t ) =  I  ■ E  S i ( I - P i ) •
E  s j (  t + r — D j )

- T / 2 i = l . j= i  J J

and

M t )

. T / 2

I  n ^ t )

- T / 2

S  si( t  +  r - D )
i = l

d t
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T / 2

+  /  n , ( t ) 
- T / 2

E  s i( t  +  t  — D i )

i - l

T / 2

+  /  n , ( t ) i i i ( t  +  r )  d t  
T / 2

To sim plify th e  problem  and  m ake th e  effect clear consider th e  sim ple case 

in which th e  observed signal consists of only the  d irec t signal and  one 

reflection. F u rth erm o re , assum e th a t  th e  channel is d is to rtio n  free and th a t  

the  reflected signal is delayed from  th e  d irec t signal by a delay D. T he 

signal m odel th en  becom es

x(t) =  s ( t ) -f s ( t—D) +  n (t)

In th is case the  au toco rre la tion  function  R(f) is given by

R(r) — 2 R ss(r) +  Rss(t  — D) +  R ss( r  +  D) +  Rn n (7)

w here R ss an d  R^n  are au toco rre la tion  function  of th e  signal and  noise. 

In essence th is problem  is iden tical to  th e  problem  of overlapping  echos 

discussed above. Suppose th a t  in te res t is focused on th e  p eak  located  a t  D, 

then  the  o th er term s are  overlapping pulses and  com prise the  in terfering  

term  1(f) where

I (r )  =  2 R Ss ( f )  +  R s s ( r  +  D )  +  Rn n (7)

The sam e solution applies as for overlapping corre lation  functions and  in 

th is case th e  bias in th e  tim e dom ain is given by

: B(D) ^
R ss (O )

This bias can  cause difficulties in the  location  of th e  p a r tia l  d ischarge site  if 

th e  delay, D, is sm all. Consider for exam ple the  case of an  underground
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power cable. If the  received signal has a bandw id th  of 4 M fiz then  if D is 

less th an  250 ns th en  th e  estim ate  can have significant bias. This 

correspond to  a p a r tia l d ischarge site located  w ith in  125 feet of e ith e r end of 

a typ ical 1500 foot URD Cable. In fac t, if located  too Close to  the  end of the 

cable the desired secondary  peak  in th e  Cable m ay no t be discernible.

T he analysis given in th is section was concerned w ith the b ias errors 

associated  w ith  co rre la tion  analysis. A sim ilar analysis can  be carried  ou t 

for tim e of a rriv a l m easurem ent schem es for determ in ing  the  b ias. The 

results are the  sam e as given above except . th a t the au toco rre la tion  

functions (spectral densities) are replaced by th e  signal (m agnitude 

spectrum ). In o th er w ords the  sam e errors associated  w ith  th e  tim e delay 

bias estim ates ob ta in ed  from  corre lation  functions will affect tim e of arrival 

m ethods.

3 . 5  V a r i a n c e  o f  D e l a y  E s t i m a t e s

A nother com m only used m easure of the  perform ance of an  es tim ate  is 

its. variance  which is defined as

V a r11 D ] = E {  ( D  - D  )2 } -  [e {D - D  } J 2

This is a difficult q u a n tity  to  calcu late  so a  sim ilar approach  will be used as 

for the  bias fiow ever, before ca lcu lating  th e  variance , it is in te resting  to 

ask w h a t is th e  best possible perform ance th a t  could be a tta in e d . This 

question is answ ered in term s of a lower bound on th e  variance  of all 

possible delay e stim ato rs . T o o b ta in  a bound it is necessary to  consider 

specific signal and  noise m odels and  for th is type  of problem  th e  only 

tra c ta b le  m odel is the  G aussian  m odel. T he bound is referred to  as the 

C ram er-R ao lower bound [41] and  is given by

- I

d 2 £ n p (X  I Q, t )

I  * *  J
T  =  D

w here X  is the  observation  vector con tain ing  b o th  x(t) and  y(t), Q is 

sp ec tra l density  m a trix  contain ing  all th e  sp ec tra l densities describing the
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G aussian  p robab ility  density  function  p (X  | Q, r  ). For G aussian  signals 

and noise th is q u an tity  is ca lcu la ted  in [39] and  is given by

m inim um  var[ D T I  M 2
h ’i 2 ( f ) l 2

I  -  I 'Y i2 CO I2

df

-I

w here | "/12(f) P is the  m agn itude  squared  coherence function . This bound is 

achieved by the  ML generalized  cross-correlator discussed in [37]. In 

general, bounds like th is  sim ply s ta te  th e  best perform ance and give no 

ind ication  of how to  achieve them .

For the general wide sense s ta tio n a ry  case or for random  tran s ie n t 

pulses conta ined  w ith in  the  observation  in te rv a l the  following analysis gives 

the local variance  of th e  delay  e s tim ate , D. Only the  unb iased  case will be 

considered so using Eq. 3.4.6 as a s ta r tin g  po in t the  v a rian ce  is given by

var( D ) =  E
^s(D) +  ^ ( D )

2̂

4 ( D )

This can  be tre a te d  as function  of tw o v ariab les V and  Z

F (V 1Z)

where V  and  Z are given by

V  =  </>s(D) +  4 ( D )

Z-— 4  (D)

and
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F o l l o w i n g  t h e  s a m e  l i n e  o f  r e a s o n i n g  a s  in  s e c t i o n  3 . 4  a  T a y l o r  s e r i e s  

e x p a n s i o n  a b o u t  t h e  m e a n  v a l u e s  / / v  a n d  / I z  w i l l  b e  u s e d .  R e t a i n i n g  a l l  

t e r m s  u p  t o  t h e  s e c o n d  p a r t i a l  d e r i v a t i v e s  a n d  d e l e t i n g  t h e  t e r m s  w h o s e  

e x p e c t a t i o n s  e v a l u a t e  t o  z e r o  y i e l d s

F(V,Z) ~ y ! .

/ 4

w h e r e

I 1Y  ~  0

a n d

f l z  —  .E{</>s (D )}

T h i s  i s  t h e  s a m e  r e s u l t  g i v e n  i n  [3 7 ]  e x c e p t  t h a t  t h e  r a n d o m  v a r i a t i o n  o f  t h e  

s i g n a l  t e r m  w a s  n o t  i g n o r e d  i n  t h i s  a n a l y s i s .  T h e  a n a l y s i s  g i v e n  i n  [3 7 ]  

a s s u m e s  a  l a r g e  o b s e r v a t i o n  t i m e ,  T ,  a n d  a r g u e s  t h a t  t h e  r a n d o m  v a r i a t i o n s  

o f  t h e  s i g n a l  c a n  b e  i g n o r e d ;  t h i s  a n a l y s i s  d o e s  n o t  m a k e  t h a t  a s s u m p t i o n .  

T h e  v a r i a n c e  c a n  b e  s h o w n  t o  b e  [3 7 ]

T C O

J  u ?  S(c<;) d c u

O O

2

O O ' ..
■

I
- C O

S(oj) N 1(Cj) -f- S(gj) N 2(cj) -f- N 1(Cj) N 2( cj) d e c

w h e r e  S(c j), N 1(Ctj) a n d  N 2 (cj) a r e  t h e  s p e c t r a l  d e n s i t i e s  o f  t h e  s i g n a l  a n d  

n o i s e  r e s p e c t i v e l y .  I f  t h e  g e n e r a l i z e d  c r o s s - c o r r e l a t o r  i s  u s e d  t h e n  t h e  

v a r i a n c e  b e c o m e s
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v a r [  D  ]
T

I

J  J  W ( w ) S ( a ; )  d w

- C O

.C C

J  J  W 2(w)
— oo

S (C J )N 1(CJ) +  S(GJ) N 2(cj) +  N1(C j)N 2(Cj) dcj

w h e r e  W(cj) is  t h e  o p t i m a l  w e ig h t in g  f u n c t io n  fo r  t h e  g e n e r a l i z e d  c r o s s 

c o r r e l a t o r ’s  im p l e m e n t a t i o n .

S i n c e  a  p o p u l a r  m e t h o d  o f  l o c a t i n g  p a r t i a l  d i s c h a r g e  i s  t o  u s e  t h e  p e a k  

v a l u e  o f  t h e  r e c e i v e d  w a v e f o r m s  a  s i m i l a r  a n a l y s i s  w i l l  b e  c a r r i e d  o u t  f o r  t h i s  

c a s e .  C o n s i d e r  t h e  t w o  r e c e i v e d  s i g n a l s  t h a t  a r e  m o d e l e d  a s

x ( t )  =  S j ( t  -  D 1) +  n i ( t )

a n d

y(t) =  s2(t -  D2) +  n 2(t)

w here it will be assum ed th a t  th e  delay  estim ate  will be m ade from tran s ien t 

ty p e  signals th a t  are co rru p ted  by add itive  wide sense s ta tio n a ry  noise. The 

signals m ay be different from  each o th er because of frequency dependen t 

a tte n u a tio n  b u t the  phases will be assum ed to  be u n d isto rted . The desired 

delay  difference is D 1 — D 2 an d  th e  varian ce  of th e  delay estim ate  is given 

by VarfD1 - D 2]. Using th e  sam e reasoning th a t  resu lted  in Eq. 3.4.6 the  

delay  difference D 1 -  D 1 is given by

— n,
D 1 - D 1 =  — ; i

S1

w here th e  signal S j ( t  - D 1) has i t ’s m axim um  a t  t  = D 1. The variance  is 

found by calcu la ting  th e  expected  value of
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V a r p D 1 A2]. — E{(Dj D2)(D2 — D 2)) 

E xpanding th is expression gives

V a r j D 1 —  D 2 ] =  E
-  Hj(D1)

s i ( 0 )

~  n 2 (P l)

s 2 ( 0 )

w h e r e  t h e  c r o s s  t e r m s  w e r e  i g n o r e d  b e c a u s e  t h e  n o i s e  t e r m s  n t ( t )  a n d  n 2 ( t )  

a r e  c o n s i d e r e d  t o  b e  i n d e p e n d e n t .  T h e  r e s u l t i n g  v a r i a n c e  e x p r e s s i o n  i s  t h e n  

g i v e n  b y

V a r j D 1 -  D 2]
- R j f(Q) - R H 0 ) 

[s T(Q) ]2 . [sT(o) ] 2

w h e r e  t h e  t e r m s  R 1 a n d  R 2 r e f e r  t o  t h e  a u t o c o r r e l a t i o n  f u n c t i o n s  o f  t h e  n o i s e  

n r ( t )  a n d  n 2 ( t )  r e s p e c t i v e l y .  T h e  i m p o r t a n t  d i f f e r e n c e  t o  n o t i c e  b e t w e e n  t h e  

c o r r e l a t i o n  b a s e d  d e l a y  e s t i m a t o r  a n d  t h e  p e a k  l o c a t i o n  b a s e d  d e l a y

e s t i m a t o r  i s  t h e  s c a l i n g  f a c t o r  . A s  t h e  o b s e r v a t i o n  i n t e r v a l  i s  i n c r e a s e d

t h e  v a r i a n c e  o f  t h e  c o r r e l a t i o n  b a s e d  e s t i m a t o r  d e c r e a s e s .  T h e r e  i s  n o  

m e t h o d  b y  w h i c h  t h e  p e a k  l o c a t i o n  e s t i m a t o r  c a n  b e  i m p r o v e d .  I n  e s s e n c e  

w h a t  t h i s  r e s u l t  s a y s  i s  t h a t  c o l l e c t i n g  a d d i t i o n a l  d a t a  w i l l  i m p r o v e  t h e  

c r o s s - c o r r e l a t i o n  b a s e d  e s t i m a t e  s u b s t a n t i a l l y .  H o w e v e r ,  i t  s h o u l d  b e  n o t e d  

t h a t  e x c e l l e n t  r e s u l t s  c a n  b e  o b t a i n e d  f r o m  a  s i n g l e  r e c o r d  w i t h  o n e  p a r t i a l  

d i s c h a r g e  p u l s e  o f  s u f f i c i e n t  e n e r g y  u s i n g  c r o s s - c o r r e l a t i o n .  A  t y p i c a l  p a r t i a l  

d i s c h a r g e  w i t h  a  r e c e i v e d  b a n d w i d t h  o f  1 0  M H z  a n d  a  c h a r g e  o f  0 . 0 2 5  p C  

w i l l  h a v e  a n  E N R  o f  1 4  d B  f o r  a  r e c o r d  l e n g t h  o f  2 . 5 6  / i s  w h e n  m e a s u r e d  

w i t h  a n  a m p l i f i e r  w i t h  a n  8  d B  n o i s e  f i g u r e .  I n  t h i s  p a r t i c u l a r  c a s e  t h e  d e l a y  

e s t i m a t e  h a s  a  s t a n d a r d  d e v i a t i o n  o f  a b o u t  7  n s .
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3 .6  M o d if ie d  P H A T  P r o c e s s o r

In s itu a tio n s where m u ltip a th  signals are p resen t it is necessary to 

increase the resolution of the resulting correlation functions. The following 

GCC is an ad hoc type of filtering which increases the bandw id th  of the 

m easurem ent [51]. The following filter is based upon ML and PH A T  [39] 

generalized cross-correlators. The m axim um  likelihood, ML, im plem entation  

[39,18] of the  generalized cross-correlator uses a w eighting function  of the 

form

W(cu) =

K(w) 

C H  =

r a K (w )

= C M

i  -  c m

I Sx y M  P
S x x M  Sy yM

w here C(oJ) is the  m agnitude squared coherence function. As can be seen 

from  the  above equation , the  first operation  involved in th e  w eighting is to 

se t the  cross-spectral m agnitude equal to one. This is accom plished by 

dividing th e  cross-spectral density  by its m agnitude and if only th is 

opera tion  is perform ed th en  the  GCC is referred to  as th e  PH A T  processor. 

If only th is operation  is perform ed, (assum ing perfect knowledge of the  

cross-spectral density), the  correlation  function would have a single im pulse 

a t  the  delay D. In p rac tice  th is leads to  a correlation function  which consists 

of a random  collection of im pulses w ith  little  relation  to  th e  tru e  value D. 

T he basic problem  w ith  th is technique is th a t  only estim ates of th e  cross- 

spectra l density  are availab le. Furtherm ore , those frequencies w here the  

cross-spectral estim ates are poor have been given th e  sam e w eight as those 

regions w here the  estim ate  is good. The ML w eighting a tte n u a te s  those 

frequencies a t  which the  estim ate  of the  phase of th e  cross-spectrum  is poor 

while accen tu a tin g  those frequencies where the  estim ate  is good.

To in te rp re t the  ML w eighting function, K(cj) will be rew ritten  as
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SNRx M  SNRy (QJ)

M  SNRX(,,') + SNRyM  +  1

The shaping of the  cross-spectrum  provided by K M  can be described by 

considering the  cases where th ere  is' large am ount of signal energy a t  the  

frequencies of in te rest and  where th e re  is not. W hen th ere  is a large am o u n t 

of signal energy the  SNR is high and  K M  w eights the  cross-spectrum  

according to  the  combined SNR in bo th  channels. If the  noise in each 

channel has a co n stan t spectra l density  across those frequencies th en  th e  

cross-spectrum  essentia lly  re ta ins its original shape. F or frequencies w here 

there  is little  signal energy an d  the  SNR is low th e  w eighting, K M , 

a tte n u a te s  th e  cross spectrum  as the  p roduct of th e  SNR in each channel.

T he acoustic m easurem ents th a t  were m ade in th is study  used 

transducers  th a t  were narrow  ban d  an d  consequently  th e  tim e resolution of 

the cross-correlation function is poor. T he tim e resolution refers to  th e  

ability  to  unam biguously resolve individual peaks in the  corre lation  function . 

In the s tru c tu res  stud ied , m ultip le p ropagation  p a th s  were p resen t and  

consequently  the  correlation  functions exhib it m ultiple  peaks. It is therefo re  

necessary to m ain ta in  an  ad eq u a te  tim e resolution in order to  iden tify  the  

indiv idual peaks and m easure th e  correct delay. U n fo rtu n ate ly , w hen using 

narrow  band  transducers , the resu lting  resolution of th e  m easurem ents using 

a ML weighting are no t adeq u a te  to  sep ara te  the  m ultip le  peaks th a t  are  

Usually presen t in these m easurem ents. T he reason for th is problem  is th a t  

as m entioned above the  ML w eighting essentially  re ta in s  the  sp ec tra l shape 

a t  those frequencies where the  SNR is high.

Using only th e  phase in form ation  by se tting  th e  m ag n itu d e  of the  

cross-spectrum  equal to  one w ould provide th e  g rea te s t tim e resolu tion , b u t 

as m entioned above th is app roach  has o ther deficiencies. How ever, if th e  

frequency range where th e  m agnitude  is set equal to  one is lim ited to  those 

frequencies where the  SNR is high enough, th en  th ere  is a resu lting  increase 

in resolution w ithou t the  noise problem s th a t  cause th e  spurious peaks. T he 

question rem ains how to  choose those frequencies w here the  signal energy is 

large enough to  preven t the  occurrence of th e  spurious peaks. In tu itiv e ly  it 

m akes sense to  use some m easure of th e  SNR a t  the  various frequencies to  

decide which frequencies to  include. T he function , K(w), described above 

provides a convenient m easure on which to  base th e  decisions. So as a 

purely ad hoc m ethod the  w eighting function , W(cu), is used to  filter the
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waveform s [53] an d  is given by th e  expression

7  S N R x ( w )  S N R Y ( w )

I S x y (CO) I S N R x ( w )  +  SNR t (W) +  I

W(W) =

K(w) SNRx (W) SNRy (w)

Is X y M I  SNRx (w) +  SNRy(w) +  I

This can  also be w ritten  m ore com pactly  as

W ( w ) V2  7  [ S g n ( K ( w )  -  7 ) 4 - 1 ]  +  V2  K ( w ) [  S g n ( 7  — K ( w ) )  +  l ]

W hen th is w eighting is used th ere  is a resu lting  increase in resolu tion  

w ithou t the  spurious spikes in th e  tim e dom ain. T his w eighting  replaces the  

portion  of th e  spectrum  having a high S N R  w ith  a co n stan t, 7 , an d  th e  low 

S N R  portion  w ith  the  sam e w eighting as used by th e  ML processor. A  

typ ical exam ple of the  cross-spectral shap ing  provided by th e  ML filter and  

th e  filter discussed above are  shown in Fig. 3.2 an d  Fig. 3.3.

3 . 7  R o b u s t  D e c o n v o l u t i o n  o f  C o r r e l a t i o n  F u n c t i o n s

A generalized cross-correlator is discussed in th is  section  w hich can 

provide im proved resolution in delay  estim atio n  m easu rem en ts [52]. T he 

prefilters for th is GCC are  robust (in th e  m in im ax sense) linear filters which 

have found use in linear equalization , [40]. T he presence of th e  prefilters, in 

effect, deconvolves the  cross-correlation  function . T his GCC is used 

prim arily  for locating acoustic  em issions from  p a rtia l d ischarge in high 

voltage, solid cast transfo rm ers. B oth  th e  electrica l an d  acoustic  em issions 

are used in th e  tim e delay  estim atio n  techn ique for locating  th e  em ission 

sites. Im proved resolution is needed in pow er tran sfo rm ers because of th e  

com plicated m u ltip a th  signals th a t  are  p resen t in th e  tran sfo rm er w inding 

apd  th is GCC is effective in com bating  th e  problem s assoc ia ted  w ith  the
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F r e q u e n c y , K H z

F i g u r e  3 .2 .  O u t p u t  E S D  u s in g  t h e  M L  G C C  w e i g h t i n g .
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F r e q u e n c y ,  K H z

F i g u r e  3 . 3 .  O u t p u t  E S D  u s i n g  t h e  m o d i f i e d  P H A T  G C C  w e i g h t i n g .


	Purdue University
	Purdue e-Pubs
	7-1-1989

	Digital Measurement of Partial Discharge
	James Patrick Steiner
	W. L. Weeks

	tmp.1542052450.pdf.snYZ8

