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SYSTEM AND METHOD FOR MEASUREMENT OF 
PARTIAL DISCHARGE SIGNALS IN HIGH 

VOLTAGE APPARATUS 

BACKGROUND OF THE INVENTION 

[0001] The invention relates to high power electrical appa 
ratus, and particularly relates to sensing systems for detect 
ing electrical partial discharges in high poWer electrical 
apparatus. 

[0002] Partial discharges are pulse events With a sudden 
localized redistribution of charge in or on high voltage 
insulating materials at high electric stress. The detection of 
partial discharges is signi?cant because partial discharge 
events are frequently an indicator of failure processes that 
are active Within or on the insulation. 

[0003] The pulse discharge event itself is typically of a 
very short duration. That is, the redistribution of charge, and 
hence pulse currents, associated With partial discharge 
events typically occur in the sub-microsecond time scale. 
Time duration values of 10 nanoseconds (10's) and less can 
also occur. 

[0004] Certain conventional partial discharge methods 
employ detection schemes based on a loW-voltage external 
resonant circuit, typically of the R-L-C type, that is con 
nected either in series or in parallel With the high voltage 
insulation of the poWer transformers. In both serial and 
parallel detection schemes, the coupling capacitor and the 
resonant detection circuit are in series to yield a closed-loop 
path for the current in the short duration partial discharge 
pulse event. Typically, an inductive impedance isolates the 
partial discharge pulse loop from the external source of high 
voltage. The R-L-C type resonant circuit is conventionally 
set to a resonant frequency in the range of 30 kHZ to 300 kHZ 
and set to be under-damped so as to yield a ringing Wave 
form impulse response. 

[0005] With this arrangement, the partial discharge event 
is typically of a duration much shorter than a period of the 
detection circuit resonant frequency and hence Would act 
like an impulse and stimulate the resonant circuit natural 
response to yield a Waveform referred to as a “ringing 
Waveform”. This ringing Waveform is at a de?ned frequency 
and could be readily detected With standard ampli?er and 
display electronics. The ringing Waveform has a beginning 
peak amplitude and an oscillation period as de?ned by the 
resonant circuit. The amplitude (or siZe) of the ringing 
response is also dependant on the siZe of the partial dis 
charge event. Because the partial discharge events are much 
sorter in duration than the period of the resonant circuit, the 
response of conventional partial discharge systems is alWays 
the same basic ringing impulse response. This distinct 
response to all partial discharge events permits detection 
electronics to be quite simple, sometimes only utiliZing the 
display of an oscilloscope. 

[0006] The de?ned ringing response also enables the use 
of modern digital pulse height counting techniques to quan 
tify the siZe of each event according to the peak siZe of the 
response. This digital acquisition and storage of pulse 
heights is a common method of partial discharge measure 
ments since many events can be accumulated to yield a 
histogram of pulse height siZes versus the number of occur 
rences. Additionally, the time of occurrence (phase) relative 
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to a 60 HZ poWer frequency of an applied AC high voltage 
can be recorded and used to present the pulse height infor 
mation according to phase position on the 60 HZ voltage 
Waveform. 

[0007] Each of these conventional partial discharge mea 
surements begin from a condensation of the partial discharge 
event into a single siZe or height quantity. Subsequently, 
additional information such as the number of occurrences 
Within a speci?ed time, is used to yield added information 
about many events. Also, information regarding the event 
moment relative to an applied AC voltage may be recorded 
to yield further information regarding many events. 

[0008] This conventional method has been successful for 
the detection of partial discharge events in situations such as 
laboratories and factories Where extraneous unknoWn pulse 
signals are eliminated. Because the resonant circuit Will 
yield the same ringing response to any pulse drive signal that 
is short When compared to the ring frequency, the method 
cannot distinguish extraneous noise signals from actual 
partial discharge events. Attempts to apply the conventional 
partial discharge measurement to in-service applications, 
have not been fully satisfactory, in part, because external 
noise pulses cannot be distinguished from, and are often 
equal or larger in siZe than, actual partial discharge signals. 

[0009] Noise detection and elimination have been 
attempted using various different frequencies and/or fre 
quency spectral analysis, using digital methods such as 
neural netWorks, and also using background subtraction. 
Practical partial discharge measurement of in-service 
exposed apparatus, such as poWer transformers, is hoWever, 
severely limited by external noise, even With the various 
additions to conventional partial discharge measurement. 
The resonant circuit detection requires that all pulses yield 
the same response. For this reason, the pulse origin is not 
identi?able. 

[0010] Other more recently developed techniques for par 
tial discharge measurement do not use a resonant circuit 
detection scheme. Instead, each partial discharge signal is 
recorded as a fast-pulse time Waveform using a broadband 
recording device so that details of each individual event are 
preserved. Results of this type of measurement have shoWn 
that distinctive Waveforms are recorded With time details in 
the sub-microsecond range and frequency content extending 
Well beyond 20 MHZ, even for the case of poWer transform 
ers. 

[0011] Moreover, detection of individual partial discharge 
signals at more than one location has shoWn that recorded 
signals at different locations are not the same. While certain 
frequencies may exhibit common responses at multiple 
terminals, When broader bandWidth signals are used clearly 
distinctive responses are detected at different locations. A 
cause for this difference in signal Waveform at different 
detection sites is the different paths of propagation from the 
original site of the partial discharge signal to the locations of 
detection. 

[0012] Other tests involving simulated partial discharge 
pulse signals With fast nanosecond timeframe transitions 
applied to poWer transformers con?rm that the recorded 
Waveforms are alWays different When detected at different 
locations. Both time delay and Waveshape changes Were 
detected at different detection locations. 
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[0013] These ?ndings substantiate the vieW that partial 
discharge signals, being very localized and very rapid, 
therefore, release a pulse of energy that propagates out from 
its site of origin. The propagation occurs according to the 
structure surrounding the partial discharge event. An inter 
nally generated partial discharge pulse Will thus propagate 
and appear at the end regions, such as a high or loW voltage 
bushing, as speci?c pulse Waves in accordance With the 
structure, the location of the origin of the signal, and the 
signal characteristic itself. Not only is there a received pulse 
height or siZe, but also a full Wave shape including propa 
gation time delays. Thus suf?ciently broadband measure 
ments reveal a distinctive pulse Wave response for each 
partial discharge event, and not simply a siZe or magnitude 
component. This distinctive response may be compared With 
other signals to perform Waveform recognition. 

[0014] One example of the use of pulse Waveform recog 
nition is in the application of time domain re?ectometry 
(TDR). In TDR an injected signal of knoWn characteristics 
is injected and then recorded after propagation so as to 
evaluate the characteristics of the propagation path. 

[0015] Another technique to better distinguish pulses 
associated With internal partial discharge signals from exter 
nal noise, is to consider the nature of the apparatus being 
measured. In particular, for many poWer systems such as 
poWer transformers or poWer cables, the high voltage insu 
lation is surrounded by a metallic tank or enclosure. A fully 
enclosed tank is often used to contain insulating oil and to 
protect against the elements of the external environment 
such as moisture. Such an enclosure also provides shielding, 
by the Faraday cage effect, of the internal region from 
external pulse discharge noise sources. Most pulse electric 
?elds and magnetic ?elds cannot penetrate highly conduc 
tive materials and hence an enclosed tank serves as a shield 
so that external pulse signals are repelled. Because connec 
tions are required, holes must be cut through the tank in 
speci?c places, for example for electric bushings to bring 
poWer into or out from an internal transformer Winding. 
External ?elds and disturbances may then migrate into the 
tank through the holes. 

[0016] There is a need for a system for monitoring partial 
discharges in an electrical poWer apparatus that permits one 
to discern Whether discharge signals have originated outside 
or inside of the housing. 

[0017] There is also a need for a system for monitoring 
partial discharges in an electrical poWer apparatus that 
permits one to localliZe the origin Within the housing from 
Which a partial discharge has occurred. 

[0018] There is also a need for system for monitoring 
partial discharge in electrical poWer apparatus that permits 
rapid evaluation of partial discharge activity from only a feW 
recorded events. 

SUMMARY OF THE INVENTION 

[0019] A system is disclosed for monitoring electrical 
partial discharge signals in electrical poWer apparatus. The 
apparatus includes a housing and a plurality of openings in 
the housing through Which electrical poWer may pass via 
electrical poWer contact units. The system includes a plu 
rality of sensor units, each being in communication With, 
and associated With, an electrical poWer contact unit at each 
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opening in the housing. The sensor units are for sensing 
partial discharge signals at each opening in the housing and 
for producing sensor output signals. The system also 
includes a control unit for simultaneously and synchro 
nously receiving the sensor signals over an interval of time, 
and produces simultaneous synchronous signals. The system 
also includes a processing unit for processing the simulta 
neous synchronous output signals. In various embodiments, 
any number of openings may exist in the housing, but there 
must be a sensor associated With each and every opening. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0020] The folloWing detailed description of the illustrated 
embodiments may be further understood With reference to 
the accompanying draWings in Which: 

[0021] FIG. 1 is an illustrative block diagram of a system 
of the invention; 

[0022] FIG. 2 is an illustrative block diagram of another 
embodiment of a system of the invention; 

[0023] FIG. 3 is a block diagram of transfer functions and 
node coupling, functions utiliZed in accordance With an 
embodiment of the invention; 

[0024] FIGS. 4A-4C are expanded graphs of the responses 
at each bushing in a system of the invention responsive to an 
introduced 1000 pC signal injected into the loW voltage 
bushing terminal; and 

[0025] FIGS. 5A-5C are expanded-graphs of the responses 
at each bushing in a system of the invention responsive to a 
partial discharge signal. 

DETAILED DESCRIPTION OF THE 
ILLUSTRATED EMBODIMENTS 

[0026] The invention provides a system and method for 
monitoring and analyZing partial discharge signals in high 
voltage apparatus. The system employs broadband, high 
?delity recordings of the partial discharge signals, recording 
the time Waveforms for each signal. The propagation char 
acteristics may be discerned from the details of the Wave 
form. Further, any partial discharge signal that is recorded 
With a broadband recorder simultaneously at different loca 
tions Will result in different time Waveforms according to the 
characteristics of the path from the signal origin to the 
detection sites. 

[0027] In one embodiment of a system of the invention, 
the partial discharge signals are detected With broadband 
sensors, synchronously at all major connections that pen 
etrate the surrounding metallic tank enclosure. For example, 
in poWer transformers or cables, this is at all major electric 
poWer connection bushings that penetrate the external tank 
or enclosure. With such a measurement system, it has been 
found that pulse event signals are readily detected at all 
bushing detection sites. For example, pulse currents may be 
detected by using bushing capacitive taps that receive the 
discharge signal by capacitive coupling at the transformer 
bushing. Another method of obtaining a high ?delity voltage 
signal that is proportional to the partial discharge pulses, is 
by using an inductive-type fast pulse current sensor. 

[0028] As shoWn in FIG. 1, in an embodiment of the 
invention, a transformer including a housing 10 and Wind 
ings 12, has three openings (or bushing feedthroughs) 14, 
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16, and 18 in the housing. Through the ?rst opening 14 
extends a high voltage bushing 20, through the second 
opening 16 extends a loW voltage bushing 22, and through 
the third opening 18 extends a neutral bushing 24 for 
connection to a neutral voltage or ground. Capacitive bush 
ing taps 26, 28, and 30, are attached to each of the bushings 
20, 22, and 24 respectively. Each of the bushing taps is 
connected to a broadband high frequency sensor 32, 34, or 
36, via a cable 38, 40, or 42 respectively. The sum of the 
length of cables 38 and 44 must be equal to the sum of the 
length of cables 40 and 46, Which must also equal the sum 
of the length of cables 42 and 48 to ensure suf?cient 
synchroniZation of the sensor output signals (i.e., that the 
signals are Within 20 nano seconds, and preferably Within 2 
nano seconds of each other) in the present embodiment. 
Suitable sensors are the PPD-DS-103A-3A broadband sen 

sors sold by Ion Physics of Atkinson, NeW Hampshire. All 
cables are preferably RG-8A coaxial cables. 

[0029] The cables 44, 46, and 48 are fed through a conduit 
(not shoWn) and brought to a termination station 50, and 
then to a fast Waveform digitiZer 52, such as the TBS-540 
(With 50 k memory) or the TDS-744A, both of Which are 
sold by Tektronix, Inc. of Beaverton, Oreg. The output of the 
digitiZer 52 is converted to an IEEE-GPIB interface format 
and input to a computer processor (such as a MacIntosh 
7200/75 by Apple Computer, Inc. having a GPIB interface 
and at least 24 megabytes of RAM. 

[0030] Because the outputs of the sensors are synchro 
niZed (due, in part to sum of the lengths of the cables 38 & 
44, 40 & 46 and 42 & 48 being suf?ciently equal), the 
processor may analyZe the full recorded partial discharge 
signals at every opening in the housing at exactly the same 
time. This permits the processor to identify characteristics 
(such as timing and Waveshape) in the recorded signals that 
indicate Whether the signal is from a source inside or outside 
of the housing. It is also possible due to the bene?ts of the 
invention, to localiZe the relative origin Within the housing 
of the partial discharge event based on propagation analysis, 
as Well as to determine the nature of the original partial 
discharge event. 

[0031] Another embodiment of the invention is shoWn in 
FIG. 2, Where elements similar to those of FIG. 1 are 
identi?ed using the same reference numbers as in FIG. 1. In 
the embodiment of FIG. 2, hoWever, the cables 38‘, 40‘, and 
42‘ are not all the same length. In this embodiment, the 
processor 54‘ must ?rst adjust the arrival time of each 
recorded signal to ensure sufficient syncchroniZation of the 
signals. To do this, the adjusting unit 56 of the processor 
must knoW the lengths of each of the cables. Once the 
signals are suf?ciently synchroniZed, the simultaneous, syn 
chronous signals may be analyZed as discussed herein. With 
this arrangement, an internal partial discharge signal is 
detected by the relative propagation of the pulse signal 
Waveforms as seen at the different detection sites. 

[0032] In further embodiments, there may be any number 
of openings in the housing. There must, hoWever, be a sensor 
positioned at or near each and every housing opening tp 
permit the system to determine all of the required charac 
teristics of each partial discharge event, e.g., Whether it 
originated inside or outside the housing. 

[0033] Internal discharge events are milliampere peak siZe 
events, Which are signi?cantly smaller than the kiloampere 
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level poWer frequency currents. Each discharge or pulse 
event produces signals that propagate internally and then 
appear at the detection sites in close time synchroniZation. 
Because an event results in signals at different access points 
according to each propagation path, it is useful to consider 
the transfer function model for their interpretation. 

[0034] In the time domain, the received response from an 
originating true impulse is termed the impulse response h(t). 
In the frequency domain the response at a given frequency 
“s” is termed the “system function” response, Both 
forms, h(t) and H(s), contain information about the transfer 
system and each has advantages according to the speci?c 
information that is desired. Under this system function 
analysis, the partial discharge pulse signal arrives at a 
detector location after propagation With an arrival time 
delay. 
[0035] For a pulse Wave, the transfer functions from an 
event at some location to detection nodes at (1), (2) and 
(3) are depicted in FIG. 3 by the H functions Hli, H2i and 
H3i. In FIG. 3, the coupling betWeen nodes is identi?ed by 
functions G. It is apparent that the transformer is convenient 
to such transfer analysis because the metal tank acts as an 
electromagnetic shield from outside interference. The 
entrance of external signals is therefore excluded except via 
distinct penetration points, such as bushings. The functions 
G provide information relating to the external noise pulse 
signals. 
[0036] To illustrate this transfer concept, examples of 
measured pulses for the coupling of signals in a transformer 
are given for the case in Which a knoWn pulse is injected in 
a controlled situation. A fast-rising pulse signal is preferred 
because it contains a broader spectrum of frequencies. 
Injection into the transformer can be accomplished at one of 
the transformer bushing terminals. The response signals at 
the bushing taps are then measured synchronously and 
simultaneously With a system of the invention. The func 
tional coupling characteristics may then be determined by 
analysis of the relation betWeen the response signals. 

[0037] The graphs in FIGS. 4A-4C illustrate the case 
Where a 1000 pC signal is injected into a loW voltage 
bushing of an embodiment of the invention. Measurement of 
the response Waveforms are made at the high voltage tap, the 
loW voltage tap, and at the neutral tap. The graphs in FIG. 
4 are shoWn expanded in that the horiZontal scale is for a 
shorter time, 3 u-sec full span, and the vertical scale is 
expanded for the high voltage and neutral signals. 

[0038] Note that the loW voltage tap signal is largest, as 
expected, since the signal is injected at the loW voltage 
bushing terminal. The signals at the high voltage terminal 
and the neutral terminal are much smaller in peak-to-peak 
siZe. The expanded vieW of these three signals shoWs that the 
loW voltage tap response is mainly a high frequency ring of 
about 12 MHZ, Whereas the high voltage is small but 
comprised of a higher frequency, 18 MHZ ring at ?rst, and 
a small loWer frequency ring nearer 1 MHZ. The neutral 
shoWs some very high frequency (near 30 MHZ), but mainly 
loWer frequency (5 MHZ) signal. An important result illus 
trated by these ?gures is that each sensing location has a 
response characteristic that is different than that of the 
others. This enables one to locate the origin of the signal. 

[0039] To evaluate the system transfer functions, fre 
quency domain representation for the transfer coupling 
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coef?cient is obtained by signal analysis. Using the typical 
notation of “FFT[]” to represent the fast fourier transform 
spectral analysis of signals, then the coupling betWeen the 
high voltage tap relative to the loW voltage tap becomes: 

G _ FFTIVHVCI 

HLI _ FFTIVLVCI 

[0040] This type of transfer response measurement can be 
achieved over a broad range of frequencies, even to fre 

quencies of 100 MHZ. At the higher frequencies the simple 
lumped equivalent circuit for bulk elements such as trans 
former Windings becomes inaccurate to account for the fast 
pulse propagation and greater attention to traveling Wave 
like properties of the structure must be included. 

[0041] When an internal partial discharge event occurs, 
the measured pulse Wave signals Will change according to 
the location of the event. This is because the coupling to 
each of the detection sensors Will be in accordance With the 
propagation of the pulse Wave to the sensor. An event closer 
to the high voltage bushing Will typically exhibit greater 
coupling to a sensor at the high voltage tap. An example of 
the type of time Waveform signals that can be received for 
an internal event are shoWn in expanded form in FIGS. 

5A-5C. Note that the shape and magnitudes differ markedly 
from those of the injected signal at the loW voltage bushing 
discussed above With reference to FIGS. 4A-4C. 

[0042] Distinctive features of internal partial discharge 
signals that are detectable by systems of the invention 
include the presence of very fast time variations and very 
rapid repetition of events on the order of a feW microsec 
onds. Because external events must enter via the long 
connections to the bushings there is added inductance and 
hence some sloWing of the recorded Waveforms compared to 
internal events With short distances and/or loW-loss coupling 
to the detectors. Measurements on oil-paper insulation shoW 
that some internal events generate repeated fast pulses, 
separated in time by a feW microseconds. A sloW response 
measurement, such as the conventional external resonant 

circuit measurement, Will not distinguish these features. 

[0043] In yet another embodiment of the invention, the 
system may calibrate the in?uence of external noise by 
temporary connection of an external pulse source to a 

bushing that may be exposed to external noise. The sensors 
at all detection sites then synchronously record the injected 
pulse signal. This step of introducing an external signal for 
calibration is repeated at each of the other bushings that may 
receive external noise. This set of calibration signals then 
provide a representative Waveform (or ?ngerprint Wave 
form) set for external noise events. An internal signal is then 
distinguished as a set of measured Waveforms that exhibit 

marked differences in Waveshape, relative siZe and/or time 
of arrival as compared to the signals of external origin. 

[0044] Systems of the invention may be used in oil-?lled 
electrical apparatus, such as poWer transformers, and also 
other apparatus With different insulation systems such as 
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solid polymer poWer cables, and netWork elements such as 
capacitors and inductors. For example, the system may be 
used to evaluate electrical partial discharge activity Within 
3-phase GSU transformers, or to evaluate discharge activity 
in high voltage shunt reactors. The system may also be used 
With an energiZed 500/345 kV auto transformer unit in a 
substation environment Where the clear detection of internal 
static electri?cation discharges may be established. The 
system may also be used to obtain reference measurements 
on a 345/110, 3-phase auto transformer in a substation 

environment, as Well as obtaining measurements on a 115 

kV three-phase shunt that correspond to standard factory 
partial discharge measurements during acceptance tests. 

[0045] Those skilled in the art Will appreciate that modi 
?cations and variations may be made to the above disclosed 
embodiments Without departing from the spirit and scope of 
the invention. 

What is claimed is: 
1. A system for monitoring electrical partial discharge 

signals in electrical poWer apparatus including a housing and 
a plurality of openings in said housing through Which 
electrical poWer may pass via electrical poWer contact units, 
said system comprising: 

a plurality of sensor means, each being in communication 
With, and associated With, an electrical poWer contact 
unit at each opening in said housing, for simultaneously 
and synchronously sensing partial discharge signals at 
each opening in said housing and for producing sensor 
output signals; 

control means for simultaneously and synchronously 
receiving said sensor output signals over an interval of 
time, and for producing simultaneous synchronous 
output signals; and 

processing means for processing said simultaneous syn 
chronous output signals. 

2. A system as claimed in claim 1, Wherein said sensor 
output signals are representative of the amplitude and fre 
quency of a partial discharge signal for said interval of time. 

3. A system as claimed in claim 1, Wherein said sensors 
are broadband sensors. 

4. A system as claimed in claim 1, Wherein said electrical 
poWer apparatus is a poWer transformer and said electrical 
poWer contact units are bushings. 

5. Asystem as claimed in claim 1, Wherein said processing 
means includes ?lter means for distinguishing betWeen 
discharge signals originating outside of said housing, from 
discharge signals originating inside said housing. 

6. Asystem as claimed in claim 1, Wherein said processing 
means includes means for determining the general location 
inside of said housing from Which a partial discharge has 
originated. 

7. A system as claimed in claim 1, Wherein said sensor 
means each include a capacitive tap, a high frequency 
sensor, and a cable extending betWeen said capacitive tap 
and said high frequency sensor. 

8. A system as claimed in claim 7, Wherein said cables 
associated With each sensor means are all of approximately 
equal length. 

9. A system as claimed in claim 7, Wherein said control 
means includes means for establishing variance signals 
representative of the differences in length among the cables 
of the sensor means, and further includes means for pro 
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ducing said simultaneous synchronous output signals 
responsive to said variance signals. 

10. Arnethod of monitoring electrical partial discharges in 
electrical poWer apparatus including a housing and a plu 
rality of openings in said housing through Which electrical 
poWer may pass via electrical poWer contact units; said 
method comprising the steps of: 

simultaneously and synchronously rneasuring partial dis 
charge signals at each of said contact units at each of 
said housing openings; and 
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processing said simultaneous and synchronous partial 
discharge signals to discern characteristics of said 
partial discharges. 

11. Arnethod as claimed in claim 10, Wherein said step of 
simultaneously and synchronously rneasuring said partial 
discharge signals includes adjusting for differences in the 
time required for a signal to travel from each of said 
electrical poWer contact units to a high frequency sensor. 


