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ABSTRACT Electrical treeing is an inevitable phenomenon during the operation of cross-linked polyethy-
lene (XLPE) cables installed in the underground and humid environment, which is the direct reason for
insulation failure. This work focuses on the issue of electrical trees in XLPE insulation and growth stage
recognition of treeing stage. The partial discharge (PD) characteristics during different tree growth modes
were recorded in the form of ϕ-q-n patterns. A growth model of electrical trees considering PD process
was investigated. The discharge energy was computed, and the relationship between PD characteristics and
growth modes of electrical trees was analyzed. A recognition method of the growth stages of electrical
trees was given. It was found that PD is mainly distributed in the rising stage of applied voltage, which
is the typical characteristic of internal discharge. Tree growth speed depends on the discharge energy that
periodically changes during treeing. The increase in PD energy promotes the growth of electrical trees. The
growth stage of electrical trees in the rapid growth mode can be recognized by the sparse representation with
a recognition accuracy of 90%.

INDEX TERMS Cross-linked polyethylene (XLPE), electrical tree, growth model, partial discharge,
PD recognition.

I. INTRODUCTION
Cross-linked polyethylene (XLPE) has been widely used as
cable insulation material since the 1860s [1]. Some inevitable
defects, such as impurities, protrusions, and cavities, exist in
the insulation of XLPE cable, which will induce the electrical
trees under the combined effects of electric, thermal, and
environmental stresses for a long time. Besides, water trees
will be easily formed in the cable insulation in wet conditions,
which will be transformed into electrical trees under certain
conditions. With the extension of electrical trees, it is easy
to form a single-phase ground fault and even lead to power
supply system paralysis. Therefore, it is significant to expose
the growth of electrical trees to understand the aging mech-
anism in XLPE and improve the safety and stability of the
cable operation.
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Partial discharge (PD) is closely related to the growth of
electrical trees. Since the discovery of the electrical tree by
Kitchin in 1958 [2], many experts and scholars have done a
great deal of research work on electrical treeing and their PD
characteristics. These researches mainly focus on analyzing a
single PD waveform during electrical treeing, the distribution
of PD patterns, and the statistical parameters of PD [3], [4],
[5], [6], [7], [8], [9]. Yang and Zhang have analyzed the
single wave characteristic Weibull distribution parameters
of branch-like and bush-like electrical trees under power
frequency alternating voltage and proposed that these param-
eters can distinguish the two kinds of electrical trees [10].
Vogelsang et al. have analyzed the PD patterns and statistical
parameters of electrical trees in epoxy resin, and they found
that the growth state of electrical trees is closely related to
PD [11]. The works of Zheng and Liao show that the PD
patterns of electrical trees in XLPE are mostly wing-shaped.
PD pattern recognition is suitable for diagnosing electrical
trees [12], [13].
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Although much research has been done on the PD charac-
teristics of different kinds of electrical trees, the relationship
between electrical treeing and the characteristics of PD still
needs to be determined.Moreover, the PD characteristic in the
growth of electrical trees is a basis for completing an online
analysis of partial discharge in cable insulation. Therefore,
the PD patterns of electrical trees under different growth
models were presented in this paper. The experiment was
performed under a typical needle-plate electrode. The mor-
phology and PD of the electrical trees were recorded in real
time. The change of PD energy under different treeing modes
was analyzed. Finally, a growth stage recognition method
using sparse representation was introduced.

II. EXPERIMENTAL SETUP
A. SAMPLES AND ELECTRODE
The XLPE insulation block with the size of 20 ×4 ×4 mm
used in the experiment was cut from the insulation of com-
mercial XLPE high voltage cable by a microtome. As shown
in Figure 1, a typical needle-plane electrode was selected to
get an electric field concentration. A steel needle with a diam-
eter of 0.35 mm, a needle tip of 30◦, and a curvature radius of
11±3 µm was used to be the high-voltage electrode. A piece
of copper foil with a size of 50 mm×50 mm×0.8 mm and
a mirror surface was attached as the ground electrode. The
distance d between the needle tip and ground electrode was
2±0.2 mm. EVA resin glue was used to fix the sample and
ground electrode. Before the test, the samples were observed
under a microscope to select the sample without a cavity at
the tip of the needle.

FIGURE 1. Sample and electrode configuration.

It has been found in the previous research [14] that tree
initiation voltage in XLPE insulation with an electrode dis-
tance of 1∼4 mm is within the range of 7∼8 kVrms at 50 Hz.
Therefore, the 50 Hz AC voltage with 8 kVrms was chosen
to trigger electrical trees in this paper. In order to improve
the reliability of the experimental results, 9 samples with the
same electrode spacing of 2±0.2 mm were used to repeat the
experiment.

B. EXPERIMENTAL SYSTEM AND PROCEDURES
As shown in Figure 2, the experimental system included
five parts: a regulator unit for voltage controlling, XLPE
sample, electrodes for electric field concentration, a real-
time observation system for treeing data, and a measurement

FIGURE 2. Experimental system.

system for PD recording. In the regulator unit, a 100 kV/
10 kVA PD-free transformer, a protective resistor, and a pair
of sphere gaps were used to protect the transformer from
damage when the breakdown occurs. The XLPE sample and
needle-plane electrode were fixed in silicone oil to prevent
flashover and get clearer structures of electrical trees. The
observation system consisting of a cold light source, a CCD
a microscope with a magnification of 10× 5, and a computer
was used to record the electrical tree growth process. The PD
measurement system consists of a coupling capacitor, a PD
detector (HAEFELY DDX9101), and a computer showing
the information of PD, such as PRPD patterns (ϕ-q-n plots,
where ϕ is the phase, q is PD amplitude, and n is the number
of PD) at speed of a frame per 5 s. The ϕ-q-n plots in this
paper are PD events for about 300 s. All the experiments were
performed at room temperature.

The voltage was risen to 8 kVrms with a rate of 0.5 kV/s.
After that, the growth process of electrical trees was recorded,
and PD along treeing was measured. The beginning of the
electrical tree would be defined as the length of the electrical
tree longer than 10 µm if it was recorded by only an optical
way. In this experiment, it has been found that PD amplitude
was more than 10 pC when the electrical tree grew to 10 µm.
As a result, themoment when the PD in the sample was higher
than 10 pC has been defined as the beginning of the electrical
tree in this work.

III. EXPERIMENTAL RESULTS AND ANALYSIS
A. PD DISTRIBUTION DURING TREEING
The morphological changes of electrical treeing were
described in the previous work [14]: the growth modes of
electrical trees under the power frequency voltage with an
amplitude of 8 kV were categorized into three types, namely,
‘‘breakdown mode,’’ ‘‘rapid growth mode’’ and ‘‘stagnant
growth mode.’’ In the breakdown mode, electrical trees grow
rapidly after initiation and then break down in a short time.
The growth process under rapid growth mode can be divided
into four stages. The first stage (stage I) is the initiation stage,
during which light-colored electrical trees grow rapidly.
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The electrical trees continue to grow at a decreased rate in the
second stage (stage II), and the shape of electrical trees gradu-
ally changes from branches to pines, the color of the electrical
tree deepens, and other short branches begin to growwhen the
longest branch stops to extend. In the third stage (stage III),
electrical trees rapidly develop to the ground electrode. The
fourth stage (stage IV) is the sustained growth stage, gener-
ating many new branches. However, the insulation between
the two electrodes has not been broken down during the test.
The stage II and III of ‘‘stagnant growth mode’’ are similar to
‘‘rapid growth mode’’, except that the duration is longer than
that in stage II and stage III of ‘‘stagnant growth mode’’.

Figure 3 shows the PD patterns of the breakdown mode.
In those patterns, the horizontal axis represents the phase of
PD, the vertical axis height represents the amplitude of PD,
and the depth of color indicates the number of PD. As shown
in Figure 3, PD during initiation distributes in the phase
range of − 20◦

∼135◦ and 160◦
∼280◦, and the maximum

amplitude, Qmax , in the positive cycle, is higher than that in
the negative cycle, as the internal discharge reported by other
researchers [15], [16]. The outline of the PD pattern looks like
two mountain peaks. A large number of small amplitude PDs
occur at the phase of 35◦

∼85◦ and 180◦
∼250◦, and the darker

color part in the positive half cycle shows a ‘‘multi-stem’’
shape. Combining Figure 3 (a) and (b), it can be concluded
that with the increase of applied voltage time, the amplitude
and numbers of PDs increase, and the gap of Qmax between
the positive and negative half cycle decreases. Moreover,
the phase distribution of PDs changed little, and the ‘‘multi-
stem’’ gradually faded away.

FIGURE 3. ϕ-q-n plots of PDs due to electrical trees of ‘‘Breakdown
Mode’’: (a) initiation and (b) propagation.

Figure 4 shows the PD patterns of rapid growthmode. As is
seen from Figure 4(a), the PD during initiation occurred in the
phase range of −15◦

∼135◦ and 159◦
∼270◦, Qmax is 248 pC

in the positive cycle and 200 pC in the negative cycle. The
shape of patterns is similar to that in the breakdown mode.
It can be found from Figure 4(b) that, with the increase of
applied voltage time, the incipient PD phase shifts right. In the
slow growth stage, the amplitude of PDs decreases, and the
concentration distribution of PD pattern shifts left. As shown
in Figure 4(d), the ‘‘mountain peak’’ in the PD pattern of the
rapid growth stage is sharper than the others. Moreover, the
amplitude of PD rises to the maximum value in the whole

FIGURE 4. ϕ-q-n plots of PDs due to electrical trees of ‘‘Rapid Growth
Mode’’: (a) and(b) initiation, (c) the slow growth stage, (d) the rapid
growth stage, and (e) the sustained growth stage.

growth process, and the PD patterns of two half cycles are
almost symmetrical. In stage II, small-magnitude PDs also
occur, as shown in Figure 4(e). Therefore, the discharge
energy is very small, and it is not enough to push the PDs
to reach the tip of the branches. Then, the insulation at the
front of the branches fails to break down.

The PD patterns of stagnant growth mode are shown in
Figure 5. It can be observed that PDs are distributed over the
whole phase cycle except the range of 280◦

∼310◦. The PD
patterns of two half cycles are almost symmetrical. TheQmax
is 140 pC, and the darker color part in the two half cycles
shows a ‘‘diagonal strip’’ shape, as shown in Figure 5(a).
As shown in Figure 5(b), with the increase of the applied
voltage, the dark ‘‘diagonal strip’’ gradually disappears, and
the distribution of PDs shifts right. Besides, PD magni-
tude increases gradually, and the difference in PD level
between the positive and negative half cycle becomes larger.
Figure 5(c) shows the PD pattern of the electrical trees at its
rapid growth stage. The outline of this pattern is a trapezoid
shape, and the darker color part shows a ‘‘bubble’’ shape.
Although the magnitude of the ‘‘bubble-like’’ PD pattern is
small, its number is large. As shown in Figure 5(d), the PD
pattern of electrical trees at the sustained growth stage is a
hilly shape with a smaller amplitude.
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FIGURE 5. ϕ-q-n plots of PDs due to electrical trees of ‘‘Stagnant Growth
Mode’’: (a) initiation, (b) the slow growth stage, (c) the rapid growth
stage, and (d) the sustained growth stage.

The experimental results show that the outline of PD
patterns during treeing almost looks like a ‘‘mountain peak’’.
And most of the PDs distributed at the rising part of sinu-
soidal voltage, showing the characteristics of typical internal
discharge. The deep-colored ‘‘multi-stem’’ shape occurs in
the positive half cycle of PD patterns during the initiation
stage in all growth modes, which will disappear with the
increased applied voltage time. As for the amplitude of PDs
during initiation, the value in breakdown mode is maximum,
followed by rapid growth mode, and the minimum value
is in stagnant growth mode. While only small magnitude
PDs exist in the sustained growth stage of fast growth mode
and stagnant growth mode. Moreover, a small magnitude PD
concentration area can be found in all the PD patterns.

B. PD MECHANISM OF ELECTRICAL TREEING
The maximum electric field, Emax , in front of the needle
tip under AC voltage, can be calculated by the Mason
formula [17],

Emax =
2Up

r ln(1 +
4d
r )

(1)

where UP is the peak voltage, r is the curvature radius of the
needle tip, and d is the distance between two electrodes.

According to the Mason formula, when the applied
voltage reached 8 kVrms, the maximum electric field
intensity existed in front of the top of the needle tip is
317 kV/mm, which exceeds the critical electric field value
(285 kV/mm [18]) of the space charge injection in XLPE.
Thus, charges are injected into the insulation in front of the
needle tip after applying voltage. Besides, a cavity forms in
front of the needle tip before electrical trees are initiated [19].
When the applied voltage instantaneous value rises to the PD

inception voltage (PDIV) value of the air gap, PD occurs,
and gas molecules are ionized, resulting in a large number of
space charges thatmove to the channel wall under the effect of
electric field, as shown in Figure 6(a). Afterward, the electric
field, E⃗ , in the discharge channel can be expressed by:

E⃗ = E⃗0 + E⃗q (2)

where E⃗0 is the electric field formed by the applied voltage,
and E⃗q is the electric field formed by space charges.

FIGURE 6. PD process of treeing.

In the positive half cycle of sinusoidal voltage, the increase
of instantaneous voltage induces PD. Thus, PDs of electrical
treeing are mainly distributed at the range of 0◦

∼90◦ and
180◦

∼270◦. In addition, the magnitude of PDs increases
with the rise of instantaneous voltage. Therefore, PD patterns
show a ‘‘bimodal shape’’. However, when the applied voltage
drops to a certain value in the decline part of the positive
half cycle, Eq would be greater than E0, and the deviation
(Eq - E0) exceeded the air gap breakdown field, negative
discharge would occur, as shown in t3 point of Figure 7.
The negative discharge also appears in the decline part of
the negative half cycle, as shown in Figure 7, point t5, whose
formation mechanism is similar to that in the positive cycle.
Therefore, PDs also distribute in the position where the
voltage value is zero.

PDs occurring in different discharge channels are concen-
trated in different positive half-cycle phases. In the initiation
stage of electrical treeing, a deeper-colored ‘‘multi-stem’’
shape presents in the positive part of the pattern due to fewer
electrical tree branches. With the increased applied voltage
time, the number of ‘‘stem’’ increases, and the ‘‘multi-stem’’
gradually turns into a triangle due to the number of discharge
channels increasing.

It can be observed from the PD patterns that the PD
amplitude increases at first. Due to the existence of the space
charge electric field generated by previous PD, PDs occur
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FIGURE 7. Schematic diagram of air-gap discharge in tree channels.

in a larger instantaneous voltage, so the discharge amplitude
is higher. Impact ionization occurs frequently during the
discharge process, resulting in the formation of the electron
avalanche. The collision of the electron avalanche on the
insulatingmaterial promotes the growth of the electrical trees,
as shown in Figure 6(b).

It can be found that the amplitude and numbers of PD
decrease after a period of compression. This may be associ-
ated with the space charge generated by previous PD, which
forms a space charge shielding layer and suppresses PDs.
Besides, gases produced by PD increase the air pressure in the
branch channel and have an inhibitory effect on PD. However,
with the increased applied voltage time, the conductivity of
the channel wall increases. When it becomes a conductor,
it can be assumed that the needle electrode moves forward,
reducing equivalent electrode spacing. Therefore, the electric
field intensity increases rapidly, resulting in intense PD in the
channel, with the PD amplitude increasing and the discharge
channel extending rapidly.

C. PD ENERGY
Discharge energy, W , has been considered to be greatly
related to the damage degree and the life of insulating mate-
rial [20]. It can be expressed by [21]:

W =

∑
qiniUi (3)

where qi is the apparent charge of the ith pane, ni is PD
numbers of the ith pane, and Ui is the instantaneous value
of the applied voltage of the ith pane.
Figure 8 shows the variation of electrical trees’ length and

PD energy in 5s with the applied voltage time in different
growth modes. It can be observed that the variation of PD
energy in the two half cycles is nearly the same, and the
value is almost equal. This is because the PD of the electri-
cal tree is a typical internal discharge, and its positive and
negative half-cycle discharge is symmetrical. As shown in
Figure 8(b), PD energy increases rapidly in the initiation stage
of breakdown mode, and the electronic avalanche develops

FIGURE 8. Typical growth characteristics of electrical trees: (a) the
variation of electrical trees, (b) the breakdown mode, (c) the rapid
growth mode, and (d) the stagnant growth mode.

quickly, leading to the rapid growth of branches. After that,
the shielding effect of space charges inhibits the development
of PD, resulting in a slight decrease in the growth speed.
However, electrical trees extend rapidly due to the high PD
energy value (600∼800 nC·kV). In the breakdown stage,
PDwas not measured to prevent damage to the test instrument
caused by the breakdown.
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Figure 8(b) shows the changes in electrical tree length
and PD energy in rapid growth mode. In stage I, the PD
energy increases rapidly, and the electrical tree branches grow
rapidly. In stage II, PD energy decreases to zero, and the
growth of electrical trees is stagnant. In stage III, PD energy
increases to a maximum value (500 nC kV) in a short
time, and branches propagate rapidly and reach the ground
electrode. In stage IV, after electrical trees connect the insu-
lation between the needle and plane electrodes, PD energy
is reduced to 10 nC·kV. After that, PD energy fluctuates
between 0 and 20 nC·kV.

Figure 8(d) shows the changes in electrical tree length
and PD energy in stagnant growth mode. The variation
trend is similar to that in rapid growth mode in general.
Nevertheless, in stage II, the stagnation time is longer than
that in fast growth mode, during which the PD energy is still
high, resulting in a generation of side branches around the
trunk and the electrical trees’ discharge channel widening
and color deepening. In stage IV, after electrical trees reach
the ground electrode, PD energy increases in the applied
voltage duration of 750∼ 950 min, leading to many new long
branches adjacent to the main branches.

Analyzing the growth characteristic curves of electrical
trees in different growth modes, it can be concluded that
the increase of PD energy promotes the growth of electrical
trees. The PD during treeing is affected by many factors
such as external electric field, space-charge field, the con-
ductivity of air-gap wall and pressure, etc [22]. The change
tendency of PD energy during treeing in different samples
is different even in the same experimental condition. This
may be because samples are taken from the insulation of the
actual cable, whose microstructure differs from other parts.
So, samples are damaged by PD at different degrees after
applying voltage [23], [24], resulting in the conductivity in
the discharge channel wall being different and affecting the
development of PD in the electrical tree growth process [25].
In the breakdown mode, the conductivity of the discharge
channel wall is high, and it can be assumed that the needle
electrode is moving forward and the equivalent electrode
spacing decreases gradually with the growth of the electrical
trees. Therefore, the electric field of the branches’ tip is
always high, and the PD energy always keeps a higher value,
leading to the rapid insulation breakdown between the two
electrodes. Suppose the conductivity of the discharge wall is
small after tree initiation. In that case, the electric field of the
branches’ tip will decrease with the growth of electrical trees
(Because the front of the branches moves forward gradually).
In addition, space charges produced by previous PD have
an inhibition effect on the following PD. So, the PD energy
decreases, as shown in stage II of Figure 8(c).
PD extinction field strength in the air gap is propor-

tional to the pressure, P, and the calculated formula is as
follows [26]:

Eext (t) =
Eext0
p0

P(t) (4)

where Eext0 and Eext (t) are the initial electric field and the
extinction electric field at t moment, respectively, and the P0
and P(t) are the pressure of initial moments and t moments,
respectively.

In stage III of Figure 8(c), sustained PDs releasemuch heat,
and thermo-oxidative aging occurs in the material, accompa-
nied by the fracture of the molecular chain and the generation
of gases, such as H2, CO, and CO2. As a result, pressure
in the discharge channel increases, and PDs are suppressed.
However, the high-pressure stress on the air gap wall pro-
motes the growth of electrical trees. So, the ‘‘Electrical trees
extending without PD’’ phenomenon appears.

IV. GROWTH STAGE RECOGNITION OF ELECTRICAL
TREES
PD pattern recognition can quickly and effectively identify
the discharge type, providing a diagnostic basis for PD online
monitoring. In this chapter, the growth stage of electrical trees
with a rapid growth mode, namely the initiation (stage I), the
slow growth stage (stage II), the rapid growth stage (stage
III), and the sustained growth stage (stage IV), is recognized
by the sparse representation as an example. Figure 9 is the
block diagram of the growth stage recognition of electrical
trees, which contains the data acquisition and preprocessing,
building the over-complete atomic dictionary, and the growth
stage recognition.

FIGURE 9. Block diagram of the growth stage recognition of electrical
trees.
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A. DATA ACQUISITION AND PREPROCESSING
The data in this paper is the PD of electrical trees in the
rapid growth mode, which includes 100 × 4 sets of training
samples and 100 × 4 sets of test samples, namely 100 sets
of training samples and 100 sets of test samples in each
growth stage of the rapid growth mode. Each set of samples
is the PD data for 2 s, which is preprocessed to obtain the
PD amplitude and phase, the number of PD pulse Hn(ϕ), the
maximum of PD amplitude Hqmax(ϕ), and the average PD
amplitude Hqavg(ϕ). Figure 10 shows the typical electrical
tree PD patterns in stages I and II.

FIGURE 10. Typical PD patterns of electrical trees.

B. BUILDING THE OVER-COMPLETE ATOMIC DICTIONARY
Suppose that the sample is from space RM ; thus, all the
samples are concatenated to form a matrix, denoted as
D ∈ RM

×N . When the number of the samples is larger than
the dimension of samples in D, i.e., N > M , dictionary D is
referred to as an over-complete dictionary. A signal denoted
as a vector x ∈ RN

×1 can be expressed as

x = Ds (5)

where s ∈RM
×1 is the column vector of weighting

coefficients.
According to equation 5, the sparse decomposition of a

PD signal needs to select the fewest atoms in the established
over-complete atomic dictionary to express the signal accord-
ing to its characteristics effectively.

In this paper, the skewness Sk, kurtosis Ku, 1-norm ||x||1,
2-norm ||x||2, ∞-norm ||x||∞ of PD patterns (i. e. Hn(ϕ),

Hqmax(ϕ), and Hqavg(ϕ)) are characteristics to build feature
vector.
The skewness Sk and kurtosis Ku are

Sk =

180∑
i=1

(xi − µ)3pi

σ 3 (6)

Ku =

180∑
i=1

(φi − µ)4 · pi

σ 4 − 3 (7)

where x is the vertical axis of PD patterns at the phase ϕ, and

pi = φi

/
180∑
i=1

φi (8)

µ =

180∑
i=1

(φi · pi) (9)

σ =

√√√√ 180∑
i=1

pi(φi − µ)2 (10)

The 1-norm ||x||1, 2-norm ||x||2, ∞-norm ||x||∞ are

∥x∥1 =

359∑
0

∣∣∣x i∣∣∣ (11)

∥x∥2 =

[
359∑
0

(
x i

)2]1/2
(12)

∥x∥∞ = max
i

∣∣∣x i∣∣∣ (13)

It should be noted that the positive-cycle phase of PD
pattern is taken as −46◦

∼134◦ because PD pulses in the
positive cycle are not among 0◦

∼179◦ as shown in Figure 10.
Similarly, the negative-cycle phase of PD pattern is taken as
135◦

∼314◦. The skewness Sk and kurtosis Ku in the posi-
tive and negative cycle are calculated and denoted as S+

k ,
S−

k , K
+
u , and K−

u , respectively. Table 1 shows the character-
istics of PD patterns.

TABLE 1. Partial discharge characteristic quantities.

The feature vector Fji is

F ji = λ
j
i[f

i,j
1 , f i,j2 , · · · , f i,jk , · · · , f i,j21 ] (14)

where λ
j
i is the normalized coefficient, f i,jk is the k-th charac-

teristics of the j-th set of sample in stage i, i.e. k is 21, j is 100,
and i is 4.

The over-complete atomic dictionary D can be built in
accordance with the Fji, (15), as shown at the top of the page.
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D =

Initiation stage︷ ︸︸ ︷
f 1,11 f 1,21 · · · f 1,1001
f 1,12 f 1,22 · · · f 1,1002
...

...
. . .

...

f 1,121 f 1,221 · · · f 1,10021

Slow growth
stage︷︸︸︷
· · ·

· · ·

· · ·

· · ·

Repid growth
stage︷︸︸︷
· · ·

· · ·

· · ·

· · ·

Sustained growth stage︷ ︸︸ ︷
f 4,11
f 4,12
...

f 4,121

· · ·

· · ·

. . .

· · ·

f 4,1001
f 4,1002

...

f 4,10021


(15)

C. GROWTH STAGE RECOGNITION
The matching pursuit algorithm is used to obtain the sparse
solution of the test samples in the overcomplete atomic dic-
tionary. The steps are as follows:

(1) Suppose that the number of iterations n is 1, and sparse
coefficients vectorA1

=[0, 0, . . . , 0]T ∈R100×1. Compute the
representation residual rn

rn =x−DAn (16)

(2) Compute the absolute value of the inner product of the
representation residual rn and each atom in the overcomplete
atomic dictionary. The best matching atom can obtain the
maximum absolute value of the inner product. The position
of the best-matching atom is

in = argmax
i

| < rn, di > |, i = 1, 2, . . . , 100 (17)

(3) Take the elements in the line in-th of An as < rn, din >

and denote as An+1
(4) Update the representation residual rn using n = n+ 1.

If the representation residual satisfies

||rn+1
||
2
2 = ||x − DAn+1

||
2
2 ≤ ε (18)

is lower than ε, which is a very small constant, such as
0.00001 in this paper, di is the best-matching atom.
(5) When i ∈[1, 25], the PD of electrical trees represents

the initiation stage; when i ∈ [26, 50], the PD represents the
slow growth stage; when i ∈[56, 75], the PD represents the
rapid growth stage; when i ∈[76, 100], the PD represents
the sustained growth stage.

Table 2 is the recognition result of the growth stage of
electrical trees. The recognition accuracy, the ratio of total
correct instances to the total instances, is 90%. The precision
is the ratio of true positive predictions to the total number of
positive predictions. The recognition precision is higher than
91% for stage III and stage IV.

TABLE 2. Partial discharge recognition results.

V. CONCLUSION
In this study, the relationship between PD characteristics and
growth models of electrical trees was investigated by exper-
iments. The growth stage of electrical trees was recognized
based on the sparse representation. PDs of electrical treeing
are mainly distributed at the rising part of sinusoidal voltage.
After PD occurs, space charges accumulate on the channel
wall and form the space charge electric field. The superpo-
sition of the space charge electric field and applied electric
field determines the occurrence of subsequent PD. PD energy
shows stage change trends in the growth process of electrical
trees. Because of the gases produced by the PD, the pressure
in electrical trees increases, which inhibits subsequent PD.
However, the high-pressure stress promotes the growth of
electrical trees. So, the ‘‘Electrical trees extending without
PD’’ phenomenon appears. The sparse representation obtains
an accuracy of 91% to recognize the growth stage of electrical
trees using PD data, which provides an effective method for
the defect recognition of XLPE cables.
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