
ABSTRACT: This paper describes the capability of the PDA 
test [1.2,9] to distinguish between the various operative 
mechanisms of Stator winding insulation deterioration 
(if any). The ability to distinguish between the various 
mechanisms yields significant benefits in scheduling 
priorities for inspection, repairs, and possible locations 
of deterioration. The application of this partial discharge 
test to Ontario Hydro Generator Maintenance has been 
discussed briefly in Reference [3]. Two Normalized Quantity 
Number (NQN) [4,5] charts are presented; one for polyester 
and epoxy Stator insulations systems, and one for asphalt-
mica and mica foliwn Stator insulation systems. Their stated 
insulation damage relationships are based on Ontario 
Hydro’s operating experience over the past 15 years.
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INTRODUCTION
Ontario Hydro’s Partial Discharge Analyzer (PDA) diagnostic 
insulation test has been in existence for the past 10-15 years. 
The present PDA diagnostic test was developed with partial 
funding by the Canadian Electrical Association. This paper 
presents the capability of the PDA to distinguish between 
insulation deterioration mechanisms (if present) and presents 
a method which can be used for long-term stator winding 
condition monitoring. 

I. IDENTIFICATION OF DETERIORATION 
MECHANISMS
*(a) Semi-Conducting Coating/Slot Discharge

For this condition, the PDA test data gives positive (+VE) 
pulse predominance as Indicated by the +VE plots of 
Figure 1.

*(b) .Internal Ground Wan Partial Discharge
Internal partial discharges can occur within the ground wall 
Insulation at delaminatlons or areas where the bonding 
material 1s missing or Incompletely cured. Such discharge 
activity Is particularly common In older Insulation systems 
such as mica follum and asphalt-mica. The main characteristic 
of this mechanism 1s that the positive (+VE) and negative 
(-VE) partial discharge activity Is about equal, Figure 2.
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Test data Indicates that this discharge activity Is more 
sensitive to winding temperature than to load change.

Copper Stack/Insulation Interface Partial Discharge
These discharges occur at the Interface of the copper 
strands and the turn Insulation In multi-turn coils. For 
Roebel bar windings the copper strands Interface directly 
with the ground wall Insulation.

For this condition, the PDA test data plots give negative 
(-VE) pulse predominance. We have observed such 
conditions on 26 to 35 year old asphalt-mica insulated and 
polyester/epoxy Insulated multli-turn windings as well 
as poorly bonded epoxy Insulated Roebel bar windings. 
Figure 3.

*(d) Loose Minding/Tight Winding
Comparison of the no-load and full-load PDA positive 
(+VE) test data obtained under full load temperature 
stabilized operating conditions Is used to determine If the 
winding is tight or loose.

For a tight winding, the full load test data, when 
superimposed upon the no-load test data, will coincide with 
it or be very closely parallel to It. The pulse magnitude and 
frequency. In most cases, will be low.

For a loose winding, the no-load and full-load PDA 
test positive (+VE) pulse data will diverge away from 
one another with the number of high magnitude pulses 
Increasing for the full load conditions, Figure 4.

II NORMALIZED QUANTITY NUMBER (NQN)
The NQN is a measure of Integrated discharge activity given 
by the area under the relevant PDA curves (7]. To more easily 
track the winding condition over time, the PDA curves can 
be summarized as a single number.
Figure 5 Illustrates a method of calculating the quantity NQN 
via Integration of the area under the positive (*VE) PDA 
data plot. The value NQN can then be related to a probable
winding condition for a given Insulation system as described 
In Charts I and II. The charts also relate maximum co11 side 
force/inch length to corrective action time as per Ontario 
Hydro’s experience for thermoset systems. The probability 
of success for in situ repair, based on Ontario Hydro’s 
experience is also given.
 The positive (+VE) and negative (-VE) pulse PDA test 
data is considered in the NQN calculation. The negative 
(-VE) pulse data is related, with regard to the PDA test 
method, to conditions which exist within the around wa11 
or at the copper stack insulation interface. Such conditions 
are considered to be non-repairable, and as such can only be 



monitored.
 Semi-conducting coating damage, can, in our experience, 
be successfully repaired if remedial action Is Implemented 
early upon damage Indication.
 It should be recognized that the NQN value cannot be 
used In Isolation. It must always be used In association with 
the relative positions of the »’VE and -VE PDA pulse curves 
plotted from no-load and full-load PDA test data.
 Figure 6 presents examples of positive (*VE) data NON 
long-term monitoring plots for two Ontario Hydro multi-
unit stations, one Incorporating thermoplastic and the other 
thermoset stator winding Insulation systems of 1954 and 
1958 vintage.
 400-ns wide input pulse. When a narrower pulse, or the 
spark-gap source is employed, the ringing immediately 
oscillates about zero (similar to Figure 6). For a 100-V input 
pulse, the slip-ring signal results in an output at the coupler 
about 50% greater than for simulated PD injected at the 
phase end. Injecting voltage pulses directly onto the rotor 
shaft produced the same response.

The capacitive coupler response to a signal injected to the 
stator frame (essentially a dead short to the voltage source) 
is shown in Figure 6. Again, the first peaks from all three 
phases have the same polarity and similar magnitudes. In 
most other respects also, the response resembles that from 
the rotor noise. The responses shown in Figures 5 and 6 
from Machine B were typical of those found in the other 
generators. 

RF Current Transformer Detection
For each of the PD and noise injection situations described 
above, the response of the RF CT was also measured. Figure 
7 shows the response of the CT to simulated PD injected 
at three points on the Red phase of Machine B. The output 
voltage into 50 ohms is relatively small (about 5 mV) and 
oscillates at about 30 MHz (the upper cutoff frequency of the 
CT). The magnitude of the initial peaks are independent of 
the PD injection point. Thus the RF CT appears capable of 
detecting PD throughout the entire winding.
 The response of the CT to simulated noise was quite 



different. Very large responses, more than 100 times greater 
than for simulated PD with the same injected voltages, were 
measured (Figure 8), The outputs recorded mimic the 400-ns 
wide, 100-V pulses injected into the slip ring and the stator 
frame, except for the longer output rise time. The RF CT 
clearly responds preferentially to noise.

(a) inject at phase end
(b) inject 1 coil down from phase end 

(c) inject 6 coils down from phase end (1 coil from neutral)

CONCLUSIONS
(a) On-line PDA monitoring Is required for early detection 

of stator winding deterioration and Identification of failure 
mechanisms present.

(b) On-line PDA monitoring Is required for long-term 
monitoring of effectiveness of in situ stator winding repair 
procedures.



(c) Experience has shown that PDA monitoring has 
successfully .Identified semi-conducting coating type 
discharge. Internal ground wall delaminatlon/void type 
discharge, copper stack insulation Interface delamination 
type discharge [4].

(d) It Is our considered opinion that Ontario Hydro, as a result 
of Its use of the PDA monitoring test, has now achieved a 
position where thermoset and thermoplastic stator winding 
problems are manageable at minimum cost. 
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Discussion
W. McDennid (Manitoba Hydro, Winnipeg, Canada): The 
CEA PDA and associated permanent coupling systems 
represent one of the more important developments in recent 
years for on-line monitoring of rotating machine insulation. 
The authors are to be congratulated for publishing new data 
on the interpretation of PDA results which will be very useful 
reference material for the many users of this test.
 The NQN data in the paper are based on a pulse magnitude 
in terms of millivolts, measured at the input of the PDA. In 
Chart I it is stated that the permanent couplers are located 
at the end of the circuit ring bus. Presumably this means 
that the couplers are attached to the circuit ring bus at the 
point at which the bus connects Co the line end scator coil or 
bar. Comparison of NQN data between different machines 
would seem to be based on the assumption that the response 
of couplers at this location in terms of “millivolts per 
picocoulomb” will be a constant value.
 In Manitoba Hydro, due to the geometry and pulse 
response characteristics of many of our hydro generator 
Stator windings our differentially connected couplers are 
frequently located at the first span jumper which means that 
the coupler is located two or three coils away from the line 
end. Alternately where single turn roebel bars are involved 
the end-cap coupler [1] may be employed and this is located 
one half turn from the line end. In some cases it has been 
much more economic to retrofit directional couplers on 
the isolated phase bus [2]. The response of couplers differs 
between these various locations, and also to some extent 
between couplers in much the same location but on different 
machine types [3].
 Comparative PDA results were provided in [3] for Kettle 
Unit 1 where there are differentially connected couplers 
located in the winding two coils from the line end, as well 
as directionally connected couplers located on the isolated 
phase bus. In the case of B0 there is a coupler located two 
coils from the line in a circuit where there is no circuit ring 
bus, and the machine end isolated phase bus coupler is 
separated from the line end of this circuit by approximately 1 
m. (The circuit ring bus lengths of the other seven circuits in 
B0 range from 4 m Co 18 m;) If we calculate NQN in terms 
of millivolts at the PDA input, as is defined in the paper, for 
the data obtained from the two coupler?, described above, 
which are separated by two coils and about 1 m of terminal 
busbar we obtain NQN(mV) = 65 for the terminal coupler, 
and NQN(mV) = 214 for the winding coupler. If we were to 
adopt the alternative, suggested in Reference 5 of the paper, 
of expressing pulse magnitude in terms of picocoulombs, 
rather than millivolts at the input to the PDA, and if we 
ensure that this magnitude is “apparent picocoulombs at the 
coupler” based on individual calibrations [3], then for the 
above example we obtain NQN(pC) ° 245 for the terminal 
coupler, and NQN(pC) = 398 for the winding coupler. In 
the normalization process the term “1400/gain” has been 



replaced by the equivalent picocoulomb value divided by 
two.
 It is suggested that normalizing in terms of picocoulombs 
at the coupler may produce a NQN value which is somewhat 
more related to actual partial discharge activity near the 
coupler than is obtained by using millivolts at thePDA 
input.
 In [2] data were reported for Kettle Unit 9 before and after 
the repair of the semi-conducting coating and addition of 
side packing at two coils near the line end of an A0 circuit. 
The damage was primarily restricted to one coil where the 
semi-con coating had been totally lost and which had side 
clearances of up to 1.1 mm. This is the third coil from the line 
end, and with approximately 13 m of circuit ring bus to the 
terminal where the directional coupler is located. In this case 
prior to repair NQN(mV) = 102, and after repair NQN(mV) 
- 78. These calculations are based on a simple straight line 
fit of the graphical data. Expressed in NQN(pC) the values 
before and after repair were 431 and 327 respectively. It is 
clear from this example that serious deterioration involving 
a single coil can be detected provided that there are sufficient 
historical PDA data, supplemented by inspections and other 
tests as may appear appropriate.
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A. W. W. Cameron (Retired, London, ON, Canada): 
The reported lack of correlation between short-time AC 
breakdown voltage and other experience or diagnosis of 
remaining insulation service life may be explained by known 
Voltage Endurance characteristics. The high short lime AC 
strength of an insulation sample is determined mainly by the 
effective thickness of solid insulation in it. The droop of any 
AC voltage endurance curve towards reduced breakdown 
voltages of identical samples, after long times of stressing, 
is caused by progressive ionic erosion of voids, by localized 
heating by void discharges, and by dielectric heating 
approaching runaway in remaining solid insulation.
 This supports the Authors’ suggestion that low AC strength 
of a sample from an aged machine would indicate that it 
would soon have failed in service. I would suggest that long-
time AC voltage endurance tests of such samples might be 
more informative for less advanced deterioration and longer 

prospects.
 It should be emphasized that Direct Voltage tests have the 
sole purpose of detecting cracks and fissures through the 
groundwall. Such damage is usually caused by mechanical 
vibration or impact, aggravated by localized heating from 
discharges, strand faults, or core faults. Direct overvoltage 
tests by the Ramp Method give reliable non-destructive 
indications when done on a winding which has cooled to 
ambient temperature while open to air of normal humidity, 
to provide a little moisture to enhance conduction in any 
fissure. These facts are well known to the Authors, but still 
not widely enough appreciated.
 These two Papers present very valuable means of assessing 
the future trend of a stator winding’s reliability, in terms of 
probable ability to withstand “events” incidental to operation, 
such as overvoltages and overcurrents from external causes. 
There are now two requirements for a Utility to realize die 
economic benefits of such information: 
1) Assessment of the probabilities of such events and their 

probable severities in future periods of time.
2) Realistic estimates of the dollar values of reliability levels 

of given machines at future times, whereby the indicated 
repairs and rewinds can be timed for optimum cost/benefit 
ratio.

Manuscript received February 23, 1988.

David W. Jackson, R. W. Beck and Associates, Waltham, MA. 
There appear to be some anomalies in the NQN history plots 
of Fig. 6. Among the thermoplastic insulations. Generator 
13 experienced a doubling of NQN from 1983 to 1984. It 
then declined to half the original value by 1987. No remedial 
work is indicated. Is there an explanation? Generator 15 was 
rewedged in 1980 but between mid 1981 and mid 1983 its 
NQN doubled, and then declined sharply in one year to its 
original value. Is there a known reason?
 Similar questions apply to the thermoset insulation 
systems. Here no historical record of remedial procedures 
is presented. It appears that three of the four machines 
reported, G12, G15 and G16, all experienced a doubling of 
recorded NQN in the 1985-86 period. Does this represent 
actual changes in insulation quality or some change in the 
test procedure?
Manuscript received February 26, 1988.
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Our reply to Mr. A.W.W. Cameron will be Included In the 
discussion reply to a companion paper No. 88 MM 0267. 
We agree with Mr. McDernnd that given sufficient historical 



PDA data. Insulation deterioration Involving only a single 
coil can be detected and subsequent repairs can be monitored 
via the PDA test.
 With regard to NQN (mV) versus NQN (pc), we comment 
as follows. Ontario Hydro have equipped 150 hydraulic 
generator windings with permanent couplers located at 
the circuit ring, line end coil bar Interface. Subsequent In 
house correlation of mv plots to observe damage for Ontario 
Hydro’s universe of generators proved to be very good. 
Such work provided the basis for the NQN (mV) damage 
relationship presented In Charts I and II. Application 
of Charts I and II to PDA test data obtained from USA, 
British, and Australian utility hydraulic generators, together 
with physical examination and stator coil/bar disections 
confirmed ‘predictions regarding deterioration mechanisms 
present and to a degree the extent of the damage within the 
windings. (We have never stated that the PDA test 1s capable 
of predicting extent of damage area.)
 In 50 plus winding deterioration mechanism predictions, 
(based on the PDA mV positive (+ve) and negative (-ve), data 
plot relationships), subsequent removed coil/bar disectlons 
have confirmed the presence of predicted deterioration 
mechanisms. Comparison of full load and no load positive 
(-ve) pulse PDA mV data has also predicted correctly the 
condition of their stator wedge systems.
 We believe the usefulness of the NQN value, be It (mv) 
or (pc) based, 1s In their ability to summate the PDA test 
data Into a single value thus facilitating the plotting of a 
trend line for a given winding. Establishment of a NQN 
value damage relationship should greatly enhance the ability 
of a maintenance engineer 1n determining the urgency to 
Implement repairs.
 The NQN trend line should be used as an indicator to 
Initiate a unit Inspection and other tests as may be appropriate 
prior to Implementation of specific repair procedures.
 All the critical NQN (mV) levels referred to in Charts I 
and II are based on capacitive couplers installed on the circuit 
ring bus at the connection to the parallel. NQN levels for 
couplers Installed in different locations are likely to be quite 
different, due to attenuation or impedance miss-matches. 
Mr. McDermid’s suggestion of calibrating the mV reading 
into picoCoulombs may improve the situation. However, 
our past experience with calibration has been disappointing, 
since the ratio depends strongly on how the calibration pulse 
Is injected, local resonances, detector Impedances, etc. Thus 
wider experience is required before comparison of NQNs 
from different types of couplers can be relied upon.
 In reply to Mr. O.W. Jackson and associates’ discussion, 
we comment as follows. The NQN data presented in Figure 6 
was calculated from the original PDA (1981) test instrument. 
This instrument was found to suffer from a shorter than 
expected recal1brat1on requirement i.e., it tended to drift 
over time. This deficiency has been corrected In the PDA-H 
model. Furthermore, the concept of the NQN value was not 

conceived until the second quarter of 1986. Thus, the NQN 
values presented were calculated from PDA data obtained 
from 1981 through 1986. It is the SAB II PDA Instrument’s 
tendency to drift which Is partially responsible for the 
noted anomalies. We have also noted in the past that the 
deterioration function Is not continuous over time but has a 
step function characteristic as a result of void conditioning 
due to trapped discharge by-products in the thermoplastic 
insulation system. This characteristic we feel has also 
contributed to the SAB II GS data anomalies.
 For the R.H. Saunders GS tnermoset HQH data plots, we 
feel that the concrete creep induced station distortion [2] is a 
cause of the noted anomalies as well as the stator rewedgtng 
which was performed on the units at the time indicated by 
the vertical parallel paired lines. Stator rewedging usually 
produces erratic PDA data for up to 6 months upon a unit’s 
return to service. Such erratic PDA data being the result of 
stator winding settling. However, 1n this case, due to the 
release of stresses in the stator core as a result of modifications 
to each unit’s stator sole plates, the stator winding settling 1s 
being extended over a longer period of time. 
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