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Electrical discharges that are localized in nature and do not completely bridge
the electrodes are called as Partial Discharge (PD). PD is the major cause of
insulation degradation, and it may eventually lead to system breakdown.
Therefore, monitoring of such discharges is important considering efficient
diagnosis of high voltage insulation systems. Depending on the source of
discharge, there are types of discharges generally occurring in rotating
machines viz. Slot Discharge, Delamination, void discharge etc. The plot of
count of PD pulses versus the PD magnitude is called the PD height
distribution (PDHD) plot or Pulse Height Distribution (PHD) plot. This plot is
derived from the actual measurement data on high voltage (HV) rotating
machines and the results thus obtained are discussed in this research work.
This plot is used to identify the presence of individual PD source or
simultaneous occurrence of PD sources in the HV rotating machine. This is
the novel contribution of this research work. Phase Resolved PD (PRPD)
patterns are used to validate the results. The results for individual discharges
and simultaneous discharges are discussed in this paper. The significance of
pulse height analysis for diagnosis of HV rotating machines is discussed in this

paper.
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1. INTRODUCTION

Partial Discharge is one of the main reasons for deterioration of the health of insulation. The
discharges which take place at the defects or voids present in the insulation are called as partial discharges [1].

Even though the intensity of such discharges is low, they may lead to de-gradation of insulation over
a period of time [2]. Thus, it is crucial to monitor PD activity in any High Voltage (HV) insulation system. PDs
occur at different locations inside the HV rotating machine. Based on the location of PD, the PDs are
categorized as Slot Discharge, Surface Discharge, Delamination etc.

Before discussing different ways in which PDs cab be analyzed, it is imperative to have in-depth
exploration of the mathematical modelling of the PD phenomenon.
The discharge initiating voltage ¥V and the apparent charge Q due to PD is given by equation (1) and (2) [3]:

v, = (1 + d—_:) vy(6) (1)

Q = 2= 29,(® @)
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Here [3], it is assumed that the voids are flat and parallel to conductor surface, ¢ = gap spacing, s =
discharge area, dielectric constant of insulation is €;€,, thickness of insulation d.
The PD repetition rate NO can be expressed in terms of applied voltage V as follows:

No(V) = 2V /V, = DuV - V) 3)
Where u(x) denotes unit step function.
An equivalent circuit for a single void/fault within an insulation is shown in Figure 1. The physics

behind the amount of charge transfer can be further explored as a function of material dependent parameters
using this equivalent circuit and the mathematical modeling.
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Figure 1. Equivalent circuit of single void insulation [4]

Whenever a void gets discharged, charge transfer takes place across it. This charge transfer is given
by [4]:

80, = Wy =) (G + 2] @

Cs+Cp

Where V, — voltage across the void immediately after breakdown, Cs — capacitance in series with void,
C, — void capacitance, C, — capacitance of insulation in parallel with series combinations of C and Cg.

This charge transfer can further be simplified as [4]
AQ = (Vy = V)G (%)

This equation shows that, the amount of charge transfer is determined by the series capacitance and
the difference of the two voltages i.e. void-breakdown voltage- ¥} and residual voltages-V.
Thus, number of discharges per half cycle as given as.

— Zpr Vp+Vy

N = - (6)

Vp=V,  Vp=V,
Where V), — peak value of applied voltage and vy is (CS/CS + Cg).

PD occurrence in insulation also results in energy dissipation. Equation 7 is the energy relationship
and equation 8 is the relationship of PD charge with size of defect [1].

Q

P =~ 0.7(qV;) (7

q = €AAV (1/d) (8)

where P - energy dissipated by a discharge, g - apparent charge, V; - Inception voltage at which the
sample starts to discharge, € - permittivity, 4 - area of the discharge site, AV = ignition voltage and d = thickness
of the dielectric.
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This shows that apparent charge (q) is directly related to energy in discharge and to the size of the
defect. This makes ‘q’ as an attractive parameter for the measurement of discharges.

But these expressions do not consider other random variables which make PD phenomena a random
phenomenon. This encourages further discussion about recent advancements in analysis of PD.

PD is analysed using various feature extraction and classification methods and assessed using Fuzzy
analysis, Digital Signal Processing, Statistical Tools [5, 6]. Identification of types of PD is achieved using
Weibull Distribution [7, 8]. Fractal analysis and Neural networks are also used along with Weibull distribution
for PD detection [9, 10].

Several statistical parameters are used for PD Source identification [11, 12]. PD is also analysed in
terms of energy dissipation [13, 14]. The PD pulse sequence and Weibull parameters are used along with Neural
networks to monitor tree growth with aging of insulation [15].

Thus, it can be said that identification of PD is achieved by using various PD patterns / mathematical
models. Each type of discharge can be described by specific PRPD pattern. PRPD pattern is most popular
pattern to identify the source of discharge [16]. For example, there is dominance of discharges occurring in
negative half cycle as compared to that in positive half cycle in case of slot discharge [17-18].

It is also important to review recent advances in this field. Considering the context of this paper, the
authors have given emphasis on pulse-height distributions (PHD) and phase-resolved partial discharge (PRPD)
patterns. Pulse Height Analysis (PHA) for multi-source PD was conceptualized using different electrode
geometries [19] opening the doors for researchers in this field. Review of on-line PD sensing with PRPD
rotating-machine [20] also supports the capabilities of PHA and its automated interpretation. Torstein Aakre
et. al. [21] showed temperature and frequency dependence of PD activity in generators. The PD-echo (PDE)
method augments PRPD by extracting decay attributes (time-constant, duration, maximum charge) during
chopped, voltage-less gaps—offering severity and aging indicators that PRPD and PHA alone do not provide
[22]. In the context of electric motors, the application of feature selection through classifiers (mMRMR + RF)
utilizing PRPD and pulse features resulted in an accuracy of approximately 99.875% across various insulation
defects [23]. This demonstrates that carefully selected features can facilitate the automation of expert analyses
of PRPD. Deep learning with data augmentation improves PD vs noise discrimination particularly at low SNR,
bridging the gap where PRPD alone is noise-limited [24]. Template-matching applied to PRPD images
(excluding deep learning) successfully replicated expert classifications in approximately 4 seconds, providing
a streamlined approach to standardized and reproducible PRPD interpretation [25].

Overall, these studies suggest reporting PHA metrics (charge distributions, source mixing) alongside
PRPD features (¢—q—n, image/texture), incorporating PDE attributes, and explicitly noting test conditions. In
addition, ML and DL baselines provide useful benchmarks for classification. In comparison with this research,
the authors propose PHA method to analyze PDs occruing in HV rotating machines. The results are also
validated with the help of well accepted standard PRPD signatures for each of these discharges.

Section 2 elaborates the technique of Pulse Height Distribution (PHD) and some preliminary work
carried out by researchers. This section also mentions the motivation towards the technique used and the novel
contribution by author in this paper. Section 3 discuss the results of pulse height distribution and its inferences
for different types of discharges generally occurring in rotating machines viz. Delamination, void discharge,
surface discharge towards analysis and identification of type of PD. Section 3 also describes the results on how
individual discharge and simultaneous discharges are identified using pulse height distributions for PD.

2. RESEARCH METHOD - PARTIAL DISCHARGE HEIGHT DISTRIBUTION
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Figure 2. PD Measurement Circuit [1]
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The PD measurement system at VJTI-Siemens-AICTE High Voltage Laboratory consists of the PD
measuring equipment. It has a bandwidth of 300 kHz to 30 MHz, sensitivity of 1 pC, sampling rate of 40000
samples per second; the coupling capacitor of 1000 pF; the external calibrator and the measuring impedance
of 50 Ohm. PD detectors record three parameters related to PD activity viz. Apparent charge (Q), Number of
pulses (N) and Phase angle (). These parameters are recorded during whole measurement time. The PD
detector also provides PRPD patterns. The standard PD measurement set-up is shown in Figure 2. The
experimental setup is traced through this Figure 2.

Partial discharges are pulse type discharges i.e. every discharge can be observed as a group of pulses of different
charge magnitudes [19]. The pulse height analysis approach is applied to study the distribution curves in this
paper. Such distribution curves are described by general relation

N=f£Q (€))

where N is the pulse repetition rate and Q is the PD magnitude i.e. apparent charge in Coulombs. The
source / type of PD, count of PD and intensity of PD, influence the Pulse Height Distribution (PHD) curves
i.e. Nvs. Q curves [19, 26].

Thus, PHD curves can be a potential tool to detect the possible sources of PDs in practical insulation
systems [19, 26, 27]. B Florkowska et. al. [19] has used pulse height distributions for analysis of different types
of discharges obtained through simple experimental arrangements like needle-plane, needle-needle etc. It is
interestingly observed in needle-plane experimental arrangements that, the PDs originating from several
sources acting simultaneously have pulse height distributions that are equal to the superposition of pulse height
distributions of the component PD sources acting alone. In such cases, it is observed that PHD curves show
more than one peaks-like (and valley-like) signature, when more than one discharges act simultaneously [26-
27]. This motivates the author to use approach of pulse height distribution to identify the number of PD sources
in HV rotating machines. This is the motivation, objective and novelty of this paper.

Weibull function can be applied for simultaneous discharges to identify multiple sources of
discharges [28] and to segregate the percentage contribution of one discharge over the other.

The results from the literature discussed above lay the foundation towards the use of pulse height
analysis (PHD curves) for PD source identification. However, PHD curves have not been used for analysis and
identification for types of PDs occurring in HV rotating machines. In this research work, pulse height
distribution has been applied to the actual measurement data obtained from HV rotating machines which is the
novel contribution of this research work. PHD curves are used for analysis and identification of different types
of PDs generally occurring in HV rotating machines viz. delamination, void discharge and detection of
simultaneous discharges acting in rotating machines. Results and analysis of PD sources in HV rotating
machines using PHD curves (discussed in next section) form the major contribution of this paper.

3.  RESULTS AND DISCUSSION - PULSE HEIGHT DISTRIBUTION FOR PDs IN HV ROTATING
MACHINES
This section provides description of the experimental results and their interpretation towards source
identification and ultimately towards diagnosis of HV Rotating Machines.

3.1. Delamination (Discharge)

Delamination occurs at the separation of adjacent layers of insulation during the machine operation. It
may occur due to improper impregnation too [29]. It can also occur between the copper conductor and the
groundwall insulation. The nature of delamination discharge is that it spreads radially on the surface of
insulation [16]. It can be categorized as one of the internal PD i.e. the discharge area is surrounded by insulation.
Phase window analysis of delamination shows symmetry of discharge activity in positive and negative half
cycles [14]. The phase window analysis and the PRPD patterns can be used to confirm the presence of
delamination discharge [30, 31].

The pulse height distribution for delamination type of discharges is obtained. Figure 3 shows NQ curve
for delamination type of discharge. This figure shows the N-Q curve for PDs occurring in positive half cycle,
in negative half cycle and the overall PDs occurring (considering both the half cycles) denoted as NQ+, NQ-
and NQ respectively. The inference from Figure 3 is that, the PD activity in two half cycles is approximately
similar. The symmetry of PD activity can be confirmed from the PRPD pattern shown in Figure 4. Another
inference, particularly important considering the aim of this paper, is that, the PHD curve does not show any
multiple peaks (or valley like region). Thus, it can be concluded that the data (which is plotted) comes from
single source of PD. PHD plot obtained indicate the existence of single source of PD. The PD source type can
be identified from the PRPD pattern (refer Figure 4) as delamination [14, 16].
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Figure 3.
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Figure 4. PRPD Pattern for delamination discharge.

Careful observation of Figure 4 shows that PD activity is higher between 0° - 30° in positive half

cycle and 180° - 210° in negative half cycle. To understand more about this, the physics of PD i.e. the
breakdown process needs to be relooked. A PD pulse occurs when the electric field across the fault exceeds its
breakdown value. This voltage is called as PD inception voltage (Einc shown in Figure 5 below [32]). Since the
applied field (AC Sinusoidal voltage) is increasing, the field within the fault continues to build up again and
this results in the subsequent discharges. If the voltage across the void still increases negatively, the void again
gets discharged and this process repeats.

Eres=0

’ [TTTTT e

Figure 5. Regular Pulse Patterns for void discharges [32]

There are two types of PRPD patterns viz. Regular and Random patterns. When the initial electron

availability is abundant then the PD occurs without much time lag and the patterns thus obtained are the regular
PRPD patterns. Whereas, when there is scarcity of initial electrons then the PD occurrence is delayed and the
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pattern obtained is the random pattern. Initial electrons affect the count and magnitude of PD. When the
electrons are abundantly available then higher magnitude of PDs occur but less frequently.

The PDs do not increase sharply near the inception phase angle and do not continue beyond 90° and
270° phase angles because of low PD occurrence probability and when the effect of surface conductivity is
taken into consideration. Along with surface conductivity, the turtle-like patterns are obtained when residual
field and the probability of PD occurrence both are stochastic in nature. The change in probability of occurrence
and magnitudes of discharges is related to the density of electronegative molecules in the void and related to
two parameters like gas detachment & surface electron emission.

If there are many faults in the insulation, each of them may break down giving rise to pulses which
are random with respect to magnitude, phase of occurrence and number of occurrences. This makes ‘q’ as an
attractive parameter for the measurement of discharges.

3.2. Void Discharge

The discharges which occur in the voids/cavities which are bounded by dielectric are termed as Internal
Discharges or void discharges [33-35].

Figure 6 shows pulse height distribution curve for another type of discharge. Two curves are showing
PD activity in positive half cycle (blue colour) and negative half cycle (red colour) respectively. It can be
concluded from Figure 6 that the PD activity is symmetric in two half cycles. This symmetry is confirmed from
the PRPD pattern shown in Figure 7. Another observation from Figure 6 is that the PHD curve does not show
multiple peaks (or valley like region). This depicts the presence of single source of discharge. This single
source of discharge can be characterized and identified as void discharge using the PRPD pattern [16] and the
phase window analysis.
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Figure 6. Pulse Height distribution of void discharge data.
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Figure 7. PRPD Pattern for void discharge.
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3.3. Simultaneous Discharges

When an HV machine is in operation, many times, the discharges are occurring simultaneously at
different locations. Such discharges are called as simultaneous discharges. The PD activity recorded by the PD
detectors in such scenario, shows the superposition of the each of the PD source which is acting simultaneously
at that instant. It is interesting to observe the PHD patterns for such simultaneously occurring discharges in HV
rotating machine. The result of pulse height distribution in case of simultaneous discharges in HV rotating
machines is discussed below.

The pulse height distribution (refer Figure 8) in case of simultaneous discharges shows superposition
of pulse height distributions of different PD sources. These distributions show separate single sources or
multiple peaks or a valley like region as shown in Figure 8. PHD plot obtained indicate the existence of multiple
sources of PD.

The task of identifying the type of PDs (which are occurring simultaneously) can be carried out by
observing the PRPD pattern shown in Figure 9. The discharge activity of surface and gap discharge is
confirmed from the PRPD pattern [14]. The discharges taking place along the surface of the winding insulation
in case of rotating machines are termed as surface discharges. The gap discharge show PD activity in the form
of fissure like portions in the PRPD pattern. Such portions, generally observed at higher magnitudes, depict
the characteristics of gap type of discharge [16]. Thus, Figure 8 shows the PHD curve of simultaneous surface
and gap discharge.
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Figure 8. Pulse Height distribution of simultaneous surface and gap discharge.
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Figure 9. PRPD pattern of simultaneous surface and gap discharge.

3.3. Discussion

The key contribution and results are the PHD plots obtained for the PDs with single source and PDs
when two sources are acting simultaneously. This paper quotes that the presence of single or multiple sources
can be easily observed and identified from PHD plots. The key aspect to be observed in PHD plots is whether
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the trend is continuously falling or whether the trend has valley and mountain like trends (i.e. decreasing trend
and followed by increasing and then decreasing again). This key aspect interprets the presence of single and
two sources of PD respectively. Once the number of sources is identified, then the type of PD can be interpreted
by observing the PRPD patterns. The interpretations from Figure 3, Figure 6 and Figure 8 are validated by
studying the PRPD patterns from Figure 4, Figure 7 and Figure 9 respectively. The peculiarities of PRPD
patterns are mentioned by several researchers as cited in respective sections in this paper. This seems an
interesting approach to quickly identify the physical location of the PD and then the diagnosis of the rotating
machine would become more efficient by inclusion this additional methodology with the existing ones. Similar
studies can be carried out for other HV assets too.

4. CONCLUSION

It is possible to analyse the PD phenomena using the pulse height distribution curves, that is, number of
PD pulses (N) versus magnitude of PD (Q). These curves are obtained by plotting the raw data from the actual
measurements on HV rotating machines. The significant contribution of this research work is that these N-Q
curves have been used for identification of single or multiple PD sources in the HV rotating machines. The
pulse height distribution in case of single PD source does not show multiple peaks (or valley like region)
whereas in case of simultaneous PD sources the pulse height distribution is the superposition of the PD sources,
therefore shows multiple peaks (or valley like region). The symmetry of PD activity in positive and negative
half cycle is also interpreted using the PHD curves and the same can be clearly inferred from PRPD patterns.
The source of PD is confirmed by observing the PRPD pattern. Such analysis is carried out for the PD types
generally occurring in HV rotating machines like delamination, void discharge and surface discharge. Thus,
pulse height distribution is an important tool for PD analysis and PD source identification which is ultimately
beneficial for improved diagnosis of HV rotating machines.

It would be interesting to study more PD sources in HV rotating machines using the pulse height
distribution curves. Also, this tool can be applied to the PDs occurring in other HV assets.
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