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ABSTRACT Electrical treeing is the main degradation mechanism in high voltage polymeric insulation,
that leads to power system plant failure and the loss of electricity supply. Electrical trees grow under partial
discharge (PD) activity, which can be measured and analyzed to understand and characterize electrical tree
growth. In this work, PD measurements were analyzed for electrical trees grown in epoxy resin needle-plane
samples under very low frequency (VLF, 0.1 Hz) voltage excitation. VLF is interesting as it is used for testing
power cables and other high capacitance insulation loads. However, more experience and new methods
are needed for PD interpretation. PDs were studied using two tools: pulse sequence analysis (PSA) and
nonlinear time series analysis (NLTSA) from dynamic system theory. PSA was treated here as a particular
case of NLTSA since their constructions are similar in their mathematical treatment. The experimental results
showed that electrical trees grown at VLF had branch-type structure and times to breakdown about fifty times
larger than samples aged at industrial frequency. PSA plots were comparedwith 2D projections of state-space
trajectories that represent the dynamics of the nonlinear system (NLTSA approach). In terms of graphical
representation, NLTSA 2D projections generated more clusters than the PSA plots, thus, it was interpreted
that NLTSA revealed more details about the nonlinear dynamic system associated with electrical tree growth.
On the other hand, using the NLTSA approach, the correlation dimension was estimated to characterize the
electrical tree growth. The results showed a different evolution obtained for VLF excitation compared to the
results reported for test samples aged at industrial frequency in other studies.

INDEX TERMS Electrical trees, partial discharges, pulse sequence analysis, nonlinear time series analysis,
very low frequency testing, correlation dimension.

I. INTRODUCTION
Electrical trees are hollow tubes that grow in polymeric insu-
lation under high electric field stress [1]. This phenomenon
is one of the main causes of solid dielectric breakdown, and
thus, it can cause catastrophic failure of electrical equipment,
for example in power cables used in power grids [2], [3].
The initiation of this degradation phenomenon is generally
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associated with metallic or semiconducting protrusions, con-
taminants, discharge cavities or water trees [1]. Electrical
trees grow under the action of partial discharges (PD) [4],
[5], which correspond to a localized dielectric breakdown in
an electrical insulation system [6]. Partial discharge activity
changes during electrical treeing due to the growth itself and
the diversity of physical and chemical factors involved in this
complex phenomenon [4], [5], [7], [8].

Electrical tree growth is affected by the frequency of
the voltage excitation that is stressing the system [9]–[13].
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Nowadays, electrical components of a power grid, and thus
the dielectric systems that conform them, are subjected
to a variety of frequencies due to the grid operation and
non-linear loads [14], or due to tests needed for commis-
sioning and maintenance of equipment [15], [16]. Electri-
cal treeing is normally researched in laboratory, with test
samples artificially created, where tree growth is analyzed
through PD measurements and imaging of electrical tree
structures, as a method of obtaining a better understanding
of the phenomenon [7], [17]. Polymeric materials that have
been used for electrical treeing experiments include XLPE,
PE and epoxy resin. Investigations have shown that the
main features of treeing analysis remain similar among these
materials [18]–[21]. Electrical tree growth has been mainly
studied for industrial frequency, i.e. alternating current of
50-60 Hz [4], [8], [17], while the study of other excitation
frequencies are gaining interest [9], [10]. One particular case
is the use of very low frequency (VLF) excitation, which cor-
responds to an alternating voltage with frequencies between
0.01-1 Hz. This type of excitation is mostly used for testing
power cables, which is recommended in standards [16], [22],
and in less degree, in rotating machines [23] and other high
capacitance insulation loads. In this regard, the use of VLF
excitation is an interesting choice because these tests require
smaller voltage sources than industrial frequency tests and it
is less likely to produce harmful accumulation of space charge
within the insulation, as it is the case of DC tests [22], [24],
[25]. However, there are insufficient data to allow accurate
interpretation of PD measurements in VLF testing [16] and
new methods of PD analysis are needed for insulation condi-
tion assessment under VLF excitation [11], [26].

Studies of electrical tree propagation under VLF excitation
are scarce. It is known that with frequency reduction, electri-
cal trees grow slower and their shape is also affected. It has
been reported that the time to breakdown at 0.1 Hz was three
times longer than at 1 Hz [9] and trees grown at VLF (0.1 Hz)
can be almost five times slower than industrial frequency
(50 Hz) in test samples at the same high voltage level [11],
showing that the tree growth rate is not linear with respect
to the frequency. Moreover, electrical trees grown at VLF
have a less bushy/dense structure compared to those grown
at industrial frequencies [9], [11].

Partial discharge activity, with its erosion action, is the
main cause of electrical tree propagation [1], [27]. Therefore,
the analysis of PD becomes essential to the understand-
ing of electrical tree growth. PD phenomenon is a dynam-
ical process that involves the electrical field distribution,
space charge phenomenon and electrical conductivity dis-
tribution along the tree structure, and all of this is influ-
enced by the voltage and frequency of the excitation, among
others [26], [28].

Typically, PDs have been analyzed with statistical parame-
ters and patterns via phase-resolved partial discharge (PRPD)
plots, i.e. the phase position of the PD amplitude measure-
ment (apparent charge) with respect to the applied volt-
age sinusoidal waveform. However, this approach misses

information concerning the temporal evolution of PD pulses
[29], [30], which can be specially important when solid
or liquid dielectrics are involved [31], [32]. An alternative
approach is to consider the dynamic between consecutive PD
pulses, a method that Hoof and Patsch proposed and named
as ‘‘Pulse Sequence Analysis’’ (PSA) [31]. This analysis
generates graphical patterns or ‘‘maps’’ that identify different
defects that are sources of PDs in insulation systems with
a higher recognition rate than the PRPD patterns for some
cases [33], [34]. A PSA pattern is usually constructed with
the instantaneous voltage differences between consecutive
pulses, the n-th and (n− 1)-th PD, yielding a scatter plot
1un versus 1un−1. In the case of electrical trees produced
at industrial frequencies, patterns that relate both the voltage
and time between pulses, 1un/1tn, have been employed
to produce distinct PSA patterns for this type of insulation
defect [19], [33].

A more general approach is to consider the PD phe-
nomenon as a nonlinear dynamic process, and thus, to study
it using the mathematical approach of nonlinear time series
analysis (NLTSA) and chaos theory in order to characterize
the PD behaviour and its sequence of discharges [29], [30].
NLTSA tools have been used in electrical treeing to analyze
time series of PD and to describe the growth through non-
linear parameters [4], [11], [20], [35], [36]. In this approach,
a similar type of graphical representation can be plotted, nor-
mally called ‘‘state-space trajectory’’ or ‘‘projection’’ [29].
On the other hand, the most used nonlinear parameter for
characterization is the correlation dimension [20], [35], [36].

In this work electrical treeing phenomenon is studied based
on the analysis of time series of PD measurements: instanta-
neous applied voltage and PD amplitude (apparent charge) of
PD pulses. The study mainly focuses on trees grown at VLF
excitation and the main aim is to compare two PD analysis
techniques: PSA plots, a more established method, with pro-
jection plots obtained usingNLTSA techniques, amore recent
approach in PD analysis. In addition, electrical tree growth at
VLF excitation is characterized in terms of tree shape and the
non-linear parameter of correlation dimension.

II. METHODOLOGY
Fig. 1 shows the methodology flow chart followed in this
investigation. The experimental and analytical methods are
explained in the followings subsections.

A. EXPERIMENTAL SETUP
The samples consisted of the conventional needle-to-plane
arrangement with a gap distance of ∼2 mm between the
needle tip and the ground plane, as shown in Fig. 2a. The
needle electrode consisted of a hypodermic needle Terumo,
with an approximate minimum curvature radius of 3µm [37].
The samples were made of epoxy resin (Mepox - 1125/L,
a DGEBA type of transparent resin), cured in a chamber at
25 ◦ C for 24 hours and post-cured at 50 ◦ C for 15 hours.
An incipient electrical tree was created in each sample by
applying 12-16 kV 50 Hz voltage, until the incipient tree was
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FIGURE 1. Flow chart of the method used for analysis of PD in electrical trees.

optically visible, and then observed under a microscope to
verify the initiation of a tree in the sample. The transparent
nature of the epoxy resin used facilitated the visualization of
electrical trees inside the material.

For the electrical tree growth experiment, the balanced-
type test circuit, according to the IEC 60270 standard [6], was
implemented as shown in Fig. 2b. In the balanced test circuit,
N1 corresponded to a round electrode, which had negligible
PD activity, and N2 is the treeing sample (Fig. 2b). Thus, the
main feature of the circuit was to achieve a better sensitivity
of the PD measurements on the needle-plane test samples.

The voltage source of the circuit for the VLF experiments
was a Baur Frida device and for the industrial frequency
experiments the source was a testing transformer with a
variac. In Fig. 2b, SC was the subtracting circuit where the
PD pulses were sent to the acquisition system. A commercial
PD detection system (Omicron MPD 600) was used for PD
measurement and acquisition of time series, obtaining the PD
amplitude qn, time of occurrence tn, and phase angle φn of
each discharge during the entire experiment. The integration
frequency was set to 250 ± 150 kHz, and the minimum
adjustable time between recorded consecutive pulses (pulse-
to-pulse resolution) was 6.25 µs. The voltage was measured
using a voltage divider (Vm in Fig. 2b) and recorded using
Omicron MPD 600. The high voltage resistor R of Fig. 2b
was connected to reduce disturbances coming from the high
voltage source and to limit the current in case of electrical
tree breakdown. The minimum magnitude of PD amplitude
was set at 2 pC for recording, however, the analysis was
carried out with a threshold between 10 to 15 pC, since the
background noise was not constant for all the experiments.

Tree growth was monitored with an optical camera
connected to a personal computer for subsequent analy-
sis. During the tests, the samples were immersed in a sil-
icone oil cell to prevent unwanted external discharges on
the surface of the test samples. The samples were sub-
jected to high voltages of 12, 14 and 16 kV, using VLF
0.1 Hz and industrial frequency of 50 Hz, until electri-
cal breakdown occured. These test voltages were selected

TABLE 1. Electrical tree samples grown at very low frequency 0.1 Hz and
industrial frequency 50 Hz.

due to experimental reasons: tree growth rate for voltages
below 12 kV was too low, and unwanted discharges such
as corona from connections and surface discharges from
test sample could emerge for voltages above 16 kV. Several
experiments were carried out, but only six tests were chosen
for analysis, three under VLF and three under 50 Hz. Table 1
summarizes the conditions for these tests, and the resulting
time to breakdown of each selected sample.

B. SELECTION OF DATA FOR ANALYSIS
Partial discharges were recorded during the entire experi-
ment of tree growth, therefore, a large amount of data was
collected, which imposed computational restrictions to the
analysis. However, this was not a limitation, due to the use
of enough windows or intervals for the study of the parame-
ters’ evolution during tree growth. Thus, several intervals of
analysis were selected from the entire time series following a
similar methodology previously used [11], [36]. Each interval
was selected to have at least 10,000 PD events and at least
1,000 and 10 seconds for 0.1 and 50 Hz experiments respec-
tively. The first analysis interval was set to start after three
minutes from the beginning of the test to reach a more stable
PD activity. The last interval was set to finish at least five
minutes before the breakdown, whereas the distance between
intervals depends on the duration of each test.

C. PD ANALYSIS TECHNIQUES
1) PULSE SEQUENCE ANALYSIS (PSA)
When partial discharge occurs in solid or liquid dielectrics,
the externally applied voltage does not only relate with the

VOLUME 8, 2020 163675



P. Donoso et al.: Analysis of PDs in Electrical Tree Growth Under VLF Excitation

FIGURE 2. Experimental diagrams.

local electric field at the cavity, which produces the discharge.
The variation of the local electrical field is influenced by
physical phenomena such as charge transportation to the
bulk and surface conductivity, among others [38], [39]; how-
ever, it is not possible to measure these physical phenomena
directly and easily. Thus, pulse sequence analysis (PSA) was
used to obtain information about the changes of the local
electric field from variables that could bemeasured externally
[31]. In this method, each PD pulse could be represented by
its charge amplitude qn, time of occurrence tn, the voltage of
occurrence un or phase of occurrence ϕn. This information
about the PD sequence is processed and plotted, resulting
in several patterns that could be analyzed either qualitatively
[19], [40], [41] or quantitatively [32]–[34].

In this work we use the parameters un and tn to calculate
1un/1tn for PSA. The construction of PSA plots from the PD
pulse sequence is illustrated in Fig. 3. A qualitative analysis
approach was followed through the comparison of PSA plots
with typical patterns, and their changes with the electrical tree
growth.

To calculate the required parameters, the sampled applied
voltage must be interpolated to obtain its value at the instant
when the PDs are produced. Using these interpolated values
the quotient between voltage difference and the time differ-
ence is calculated using (1):

1un
1tn
= (un − un−1)/(tn − tn−1) · 1/(Vb · fb) (1)

Note that (1) is normalized by the peak test voltage Vb
and the test frequency fb to avoid the differences coming
from the magnitude of the voltage or the frequency. Usu-
ally, the parameter 1un is considered as proportional to
the local electric field changes at the discharge site [31];
therefore, 1un could give information about changes in the
spatial distribution of charge and its dynamics. The parameter
1un/1tn could be used instead of 1un to emphasize pulse
sequence with short time intervals between them; an idea that
is particularly useful when solids are involved, because the
nature of discharges in this situation produces patterns with
very discernible clusters [33]. During electrical treeing, the
patterns generated are like the one shown in Fig. 4a, where six

FIGURE 3. Transformation of PD pulse sequence into 1un(un−1) and
1un
1tn

(
1un−1
1tn−1

) [31].

FIGURE 4. Examples of 1un/1tn PSA plots for electrical treeing.
(a) Sample 12-0.1, interval 5. (b) Sample 14-0.1, interval 10, near to
breakdown.

different clusters are observed; although, during the runaway
stage, patterns as the presented in Fig. 4b have been observed
[19], [40], [41].

2) NONLINEAR TIME SERIES ANALYSIS
Electrical trees are a complex physical phenomenon that can
be analyzed using the theory of nonlinear dynamic systems
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through the tools provided by nonlinear time series analysis
(NLTSA) [4], [5]. If a dielectric subjected to degradation
by electrical treeing is represented by a nonlinear dynamic
system, it can be mathematically described by a set of differ-
ential (difference) equations, (2), where y ∈ Y ⊂ Rn is the
state vector of the system [35].

ẏ = F(y)

y(0) = y0 (2)

Typically, in electrical treeing process many of the states
are unknown [5] and, therefore, the exact mathematical
description is also unknown. However, as inmany experimen-
tal settings, it is possible to measure one quantity of interest
and describe the underlying dynamic system. This is possible
by using Taken’s embedding method, the ‘‘delay coordinate
embedding’’ [42], which allows to reconstruct the state space
of a dynamical system from the measurement of only one
observable variable of the system. For the reconstruction is
necessary to estimate two parameters: the embedding dimen-
sion m and the embedding delay τ ; then, if {xn}n=1,2,3,...,N is
the measured observable variable, the set of points described
in (3) is the reconstruction of the state space:

xn =
(
xn, xn+τ , xn+2τ , . . . , xn+(m−1)τ

)
for n = 1, 2, . . . ,N − (m− 1)τ (3)

The false nearest neighborhood method [43], which aims
to find the minimal embedding dimension required to resolve
the geometrical structure in the state space of the underlying
dynamic system, was used for the estimation of m. The esti-
mation of τ wasmade through themutual informationmethod
[44]. In this method, the mutual information is calculated for
different embedding delays. The value of embedding delay
that corresponds to the first minimum of the mutual informa-
tion is taken as τ for reconstruction. It can be interpreted that
x(t+τ ) adds the largest amount of information to that already
known from x(t) without completely losing information of
the correlation between them [45].

In nonlinear dynamic systems, one commonly usedmethod
for analyzing the system dynamics is through the phase-space
representation, i.e. state-space trajectories, which is a graphi-
cal description where the system variables are plotted against
each other [46]. Using Taken’s reconstruction method, from
the time series of one observable variable, the state-space
trajectory can be projected in two dimensions using two com-
ponents of the reconstructed vector xn, and so the trajectory
can be graphically represented. These projections resemble
patterns as in the case of PSA plots. This is the reason why
in this article both graphical representations are compared:
PSA plots and projections of the state-space trajectories from
NLTSA. The time series of 1un/1tn were used in the com-
parison of both representations. This type of time series was
previously used in PSA plots to display properties in the
case of electrical trees [19], [33]. It is worth noting that
PSA plots can be seen as the particular case of 2D projec-
tions (NLTSA) with delay τ equals to 1, however, the PSA

tool was developed from a physical reasoning rather than
derived from the theory of nonlinear dynamic systems [32].

The dynamic characteristics of the system can be analyzed
through some parameters, being one of them the correlation
dimension D2. This parameter allows the estimation of the
fractal dimension of a geometrical object that represents a
reconstructed state space [4], [5]. To introduce the concept of
D2, consider a reconstructed state space whose trajectory is
described by a set of points xn ∈ X ⊂ Rm. If this set describes
a long term trajectory that has evolved to a bounded region of
the space, it establishes an asymptotic limit represented by
a bounded trajectory; this limit is usually called an attractor.
The geometry of the attractor could be a very complex object
with fractal properties; in such a case, we referred to that as
a strange attractor [36]. To quantify the fractal properties of
this attractor usually the correlation dimension is calculated
[47]. In order to do it, it is first necessary to calculate the
correlation sum by using (4):

C2(ε) =
2

N (N − 1)

N∑
i=1

N∑
j=i+1

2(ε −
∥∥xi − xj

∥∥) (4)

In (4) 2() is the Heaviside function and N is the total
amount of points. The number C2(ε) can be interpreted as
an average distribution of points of the set {xi} in small
balls of radius ε [36]. Once C2 is calculated, the correlation
dimension is estimated by finding a range of ε where

ln C(ε) ≈ D2 · ln (ε)+ constant. (5)

This range is usually called as the scaling range [46].
At this point, it is important to remark that the quantity

that could be calculated automatically is the correlation sum
C(ε). The correlation dimension D2 may be assigned only
after a careful interpretation of the curves of C(ε) and, if it is
possible, using any other information available [46].

An example of correlation sum curve is shown in Fig. 5a.
The blue curve corresponds to ln C(ε), whereas the red curve
is a straight line that is fitted to the ‘‘scaling range’’ of lnC(ε).
For small values of ε the curve ln C(ε) shows a discrete
behavior, that could be a consequence of the discretization
error (see Fig. 5a). Once this curve shows a ‘‘continuous’’
behavior, a scaling range is searched starting from the small ε.
To obtain a better estimation forD2 is recommended to verify
that D2 saturates with increasing embedding dimension m
[46]. An example of this analysis using experimental data
of PD in electrical trees is presented in Fig. 5b, where it is
possible to observe that D2 saturates at ≈ 4.75. The range
of convergence for this data is 6 ≤ m ≤ 9, which is in
concordance with the value of m estimated through false
nearest neighborhood method that is equal to 7; in this sense,
this last value provides a guideline about when D2 saturates
and, thus, the necessary value of m to calculate C2.

In this work, the correlation dimension D2 for the times
series of PD amplitude (apparent charge) qn is calculated for
the 0.1 Hz tests under analysis. The analysis of qn through
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FIGURE 5. Example of calculation of correlation dimension D2.

NLTSA tools is usually associated with the charge dynam-
ics [20], [35], so it could reveal information about changes
occurred in electrical tree.

III. RESULTS AND ANALYSIS
Despite the fact that electrical treeing experiments of
both 50 Hz and VLFwere carried out (see Table 1), the results
presented here are mainly focused on VLF excitation, since
it is the aim of this work. This analysis focus was chosen due
to the main novelty is the analysis of electrical trees grown at
VLF using NLTSA tools, and the graphical comparison with
PSA plots.

A. TIME SERIES OF PD AND ELECTRICAL TREE
STRUCTURE
The experimental results for the samples aged at 12, 14
and 16 kV for VLF excitation are respectively shown in
Fig. 6a, 6b and Fig. 6c: to the left, the time series of PD
amplitudes and normalized tree length, calculated based on
the tree images, and to the right, images of the tree growth at
different stages of the degradation. For the following analysis,
the intervals of the PD amplitudes time series considered,
as defined in Section II-B, are highlighted in red. In those
intervals, the electrical tree length was measured, and we
considered this parameter as the main representation of the
degradation by treeing in the dielectric. Tree length was mea-
sured as the furthest tree extent from the needle tip in direction
to the ground plane, and it was normalized by the length of the
first branch that reached the ground electrode. A normalized
length equal to one thus indicates that the electrical tree has
crossed the insulation, bridging the electrodes.

In the three samples shown in Fig. 6, the time series of
PD amplitudes had an increasing value behaviour in each
case, starting with low values and then reaching higher values
near the end of the experiment. A period with negligible PD
activity was observed at the beginning of the electrical tree
growth of samples aged at 12 and 14 kV, near to the detection
threshold. In the case of 16 kV, this period was almost non
existent. Branch-type of electrical trees were observed in the
test samples as shown in Fig. 6, although, qualitatively, the

density of tree structures was different. The electrical tree
at 12 kV is characterized by a major trunk like some DC
trees [10], [48]. The electrical tree at 14 kV evolved similar
to a filamentary structure, i.e. less branch-density than the
other samples, having almost an imperceptible structure at
the beginning (near to the tip of the needle). Considering this
observation, the connection of partial discharge phenomena
and electrical trees [49] could explain the lower values of PD
amplitude obtained in the sample at 14 kV in comparisonwith
the other samples. In contrast, the electrical tree aged at 16 kV
had a denser structure and, consequently, a higher value PD
activity, as expected: more ‘bushy’ type electrical trees are
associated with larger PD amplitude [36], [50]. Pictures of the
resulting electrical trees prior breakdown for 50 Hz excitation
frequency are shown in Fig. 7. It is observed that the electrical
trees under 50 Hz frequency tended to have a higher number
of branches with a denser tree structure in comparison to the
0.1 Hz trees (Fig. 6), which is in agreement to [9], [36].

The time to breakdown (TTB) was observed to decrease in
terms of the voltage level applied, for both VLF and 50 Hz
excitations, as depicted in Fig. 8. The TTB trend at both
frequencies was found to be similar, and TTB for 0.1 Hz
tests were in average 50 times larger than the TTB of 50 Hz
samples. In terms of the evolution of the electrical tree length
values, the samples aged at 12 and 14 kV had a similar trend
(see Fig. 6), meanwhile the sample at 16 kV showed a trend
that resembles a curve of the exponential form.

B. 1u/1t plots
The results of the pulse sequence analysis (PSA) patterns
and 2D projections from the non-linear time series analy-
sis (NLTSA) are shown in Fig. 9. Each sub-figure has two
rows containing the plots generated for intervals 1, 4, 7 and
10: the top row corresponds to the PSA 1un/1tn patterns
and the bottom row corresponds to the 2D-projections of the
NLTSA. Note that the quantities in Fig. 9 were normalized as
explained in Section II-C1.
Additionally, in Table 2 are shown the calculated embed-

ding delays τ required to make the 2D projections using
NLTSA (see Section II-C2 for their calculation), and the
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FIGURE 6. PD time series and shapes for electrical trees growth under VLF 0.1 Hz excitation.

normalized electrical tree lengths corresponding to each inter-
val of analysis (stage of tree growth). The values of the
intervals shown in Fig. 6 are highlighted. Recall that the
PSA patterns can be thought as a reconstruction of the space
using a τ = 1, i.e. a relation of two consecutive pulses.
In contrast, the 2D projections can establish an analogous
relationship between two non-consecutive values of the time
series, but separated by τ values between them (see Table 2).
This representation was thought as an optimal embedding
delay value in terms of themutual information algorithm [44].

A notorious difference was observed between PSA plots
and NLTSA projections. At the beginning of the electrical
tree growth (interval 1), both PSA andNLTSA produced plots
displaying clusters that were different to the respective fol-
lowing intervals. It had been reported that diverse phenomena
influence the initial electrical tree process [33], [51] and both

analyses were found to be sensible at this initial part. In the
middle stages of the degradation, intervals 4 and 7 in Fig. 9,
the PSA patterns obtained were similar to the ones reported in
other studies at industrial frequency [19], [41]; this could be a
sign that the underlying tree-growth mechanisms are similar
under both frequencies. On the other hand, the NLTSA pro-
jections formed a higher number of clusters with an overall
different shape with respect to the PSA patterns. Particularly,
the clusters were distributed in a different manner [46], [52].
In the final stage, interval 10, the PSA patterns of the 12-0.1
and 14-0.1 samples varied slightly in comparison to the mid-
dle stages, whereas the 16-0.1 sample showed a behaviour
observed in electrical tree runaway stage, with a main cluster
aligned to the 45◦ line. Overall, the NLTSA results showed
that there was not a complete loss of correlation between
values of times series of PD amplitude (apparent charge).
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FIGURE 7. Images of electrical trees prior breakdown for samples
under 50 Hz excitation.

FIGURE 8. Time to breakdown (TTB) for 0.1 and 50 Hz samples.

TABLE 2. Embedding delay and normalized tree length for 0.1 Hz tests.

A complete loss of correlation would have resulted in a
random distribution of values in the phase space [46], [52].
Considering the patterns and projections obtained (Fig. 9),
only the sample aged at 16 kV showed the signs of electrical
treeing runaway in both analyses (PSA and NLTSA), and
thus, these techniques could serve for the task of identifying
the imminent breakdown, i.e. predicting the dielectric failure.
At middle stages, using either of these analyses, no clear signs
of the evolution/trend of clusters were found to be useful in
predicting failure.

C. CORRELATION DIMENSION CALCULATION
The correlation dimension D2 for the selected time series of
PD amplitude, see Fig. 6, was calculated and it is presented
as function of the normalized tree length in Fig. 10.

The variation range of D2 was in the same order of mag-
nitude for all the samples analyzed, although there was no
unique tendency in the evolution of this parameter. In samples
12-0.1 and 16-0.1, the value of D2 increased until L/Lmax ≈
0.6 (interval 4), however, this behavior was not observed
in 14-0.1 sample. After interval 4, all the samples analyzed
showed a decrease in the D2 value and was observed to occur
when the normalized tree length was between 0.65 and 0.7
approximately. In 12-0.1 and 14-0.1 samples, this behaviour
coincided with a slower rate of change in the normalized tree
length, see Fig. 6a and Fig. 6b. Over 0.7 of normalized tree
length, the behaviour of D2 values was variable in all the
cases. Note that near to the final stage of the electrical tree
growth, the samples (especially 14-0.1 and 16-0.1 samples)
showed a sharp increase in D2 value.

IV. DISCUSSION
A. PD TIME SERIES AND ELECTRICAL TREE GROWTH
Partial discharge time series obtained from the experiments
(Fig. 6) had a growing trend during the entire tree growth.
In most of the reports about electrical treeing at industrial
frequency, different trends had been found, including periods
when negligible PD activity was measured. [1], [20], [53].
The difference between VLF and 50 Hz in the behaviour
of times series of PD amplitude could be related with the
charge relaxation or charge transport phenomena in PDs [32],
[38], [39], [54]: with a lower excitation frequency the elec-
tric charge has more time for recombination, which reduces
the possibilities of discharge extinction due to deposition of
cations in sidewalls of the tree [1]. Furthermore, under 0.1 Hz
excitation, the increase of PD amplitude as the size of the
electrical tree increases, could be a sign that the conductivity
of the tree channels is low [50], [51].

Fig. 6 qualitatively showed that the tree growth at 0.1 Hz
and 16 kV had a slightly denser structure than at 12 and
14 kV. This observation is consistent with the experience
under 50 Hz: increasing the voltage produces an increase in
tree branch-density [50]. Despite that, electrical tree shapes
under VLF excitation were notoriously more ‘branchy’ than
tree structures under 50 Hz (compare Fig. 6 and 7). This
branch-type of the electrical trees observed at VLF can be
understood in terms of the discharge avalanchemodel (DAM)
developed by Dissado et al. [4]. In such model, the frequency
of the excitation source influences the available time for
the space charge transport in the dielectric according to 1

2f .
Then, as the electric charge has more time for relaxation,
the Poisson electric field component of the total electric field
decreases, and thus the electric field is mainly dominated by
its Laplacian component. In turn, this effect could give rise to
fewer bifurcations in the tree structure and could explain the
difference between 0.1 and 50 Hz electrical trees [4].

B. PSA PLOTS AND NLTSA 2D PROJECTIONS
This work aimed the comparison of PSA plots and 2D pro-
jections of the state-space trajectories of the reconstructed
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FIGURE 9. Representative PD patterns of 1un/1tn PSA plots and 2D projections for 0.1 Hz tests. In each sub-figure: top row, PSA plots,
and bottom row: NLTSA 2D projection plots.
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FIGURE 10. Correlation dimension as function of tree length.

FIGURE 11. Interpretation of τ values.

dynamic system (NLTSA approach), because despite the fact
that they have different theoretical background, they are simi-
lar in their generation and display. As commented in previous
sections, PSA plots can be seen as the graphical description
of the reconstruction of the space using an embedding dimen-
sion m = 2 and embedding delay τ = 1, i.e. a particular case
of the more general approach used in the reconstruction of
nonlinear dynamic systems, where the parameters m and τ
are obtained from algorithms of optimization.

The situation can be analyzed considering Fig. 11, which
describes the meaning of possible values for τ . On the left
end τ = 1, i.e. the case of PSA plots. In this case, the
relation between PD measurements is only with consecutive
PDs, resulting that the points of the maps tended to stay
in the 45◦ line, since this delay was not able to adequately
disclose the dynamic of the reconstructed system. On the
other end, if a large value is chosen for τ , it would be a loss of
correlation bewteen the points, resulting in a kind of random
distribution of the points in the reconstructed phase-space
[45], [46], [52]. Between both ends, an optimum τ can be
calculated from the mutual information algorithm, a value
that produces projections with more disperse points in the
space, and so delivering more information than PSA and
displaying characteristic patterns related to the state of the
underlying dynamic system. In other words, if we assume that
the measured variable, the PD amplitude, is part of a more
complex system, i.e. having a higher number of variables
both unknown and not measured, when we use PSA approach
(m = 2, τ = 1) the attractor set in this higher dimension state
space showed an attractor that tended to be aligned with the
identity line, e.g. see Fig. 9b interval 7. Those PSA values of
embedding dimension and delay are insufficient to describe
the entire chaotic structure of the attractor. In contrast, the

2D projections using the NLTSA approach generated more
disperse patterns (compare PSA plot and 2D projection of
interval 7 in Fig. 9b). In general, NLTSA 2D projections
generated a higher number of clusters with various locations
compared to PSA plots. The occurrence of other clusters can
also be interpreted as a more detailed description of attractors
present in this complex system, that cannot be observed with
the PSA analysis parameters m and τ .

In terms of electrical tree growth, both analyses seemed
insufficient to describe the process of electrical tree growth.
Although PSA plots and NLTSA 2D projections presented
patterns normally associated with electrical tree PD activity,
a distinctive evolution that could be useful to characterize
the ageing process, specially the last interval closer to the
breakdown, was not obtained, except for the well known
electrical tree runaway analogous to the industrial frequency
excitation [19], [41]. PSA has been found insufficient for ana-
lyzing the electrical tree phenomena at industrial frequency
in other reports [40], and in this work, at very low frequency
excitation, both sequence analyses (PSA and NLTSA plots)
cannot determine the stage of tree growth.

C. CORRELATION DIMENSION
The correlation dimension parameter D2 has been used to
characterize the geometrical structure of electrical trees [4].
Different behavior of D2 with the progression of electrical
trees have been reported [11], [20], [35]. The trend found in
this work under VLF excitation, see Fig. 10, was not similar
to these previous reports. The findings in this work showed
a distinctive behavior in terms of the electrical tree length: a
progressive evolution until 0.6 p.u. (normalized tree length),
then an abrupt decrease approximately between 0.6-0.7 p.u.
and finally a sharp rise near the breakdown. It is not clear if
this behaviour can be used to infer the dielectric breakdown in
terms of the analysis of the correlation dimension in electrical
treeing under VLF excitation, but it is remarked that this
behaviour is definitely different to the reported on studies
carried out at industrial frequencies.

V. CONCLUSION
In this work, electrical tree growth in epoxy resin sam-
ples aged at VLF was studied using two sequence analyses
approaches: PSA and NLTSA from the nonlinear dynamic
system theory.

The shape of the trees obtainedwas branch type, with fewer
branches than the test samples aged at industrial frequency.
The time series of the PD amplitude showed a steady increase
in magnitude as the electrical tree grew. This observed behav-
ior can be a distinctive characteristic of tree growth under
VLF, compared to reports of tree growth under industrial
frequency.

For this article, PSA was considered as a particular case
of the graphical representation of state-space trajectories pro-
jected in 2D, using NLTSA tools. In contrast to PSA plots,
NLTSA generated more clusters and distributed differently.
From this, it was concluded that NLTSA can reveal the
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structure of the dynamic system attractors with more detail
than PSA. However, this mathematical interpretation is not
necessarily better than PSA plots to assess the stage of growth
of electrical trees.

Another method of analyzing nonlinear dynamics systems
is through the evolution of characteristic parameters such as
the correlation dimensionD2. For the VLF samples presented
here, D2 showed variation during tree growth, with a sharp
increase in the final stage close to the breakdown. The authors
consider that the results presented in this article broaden the
way of analyzing the growth of electrical trees under VLF and
confirm the need to continue evaluating and developing new
tools in order to more accurately characterize the behavior of
this degradation phenomenon.
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