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Study on Ultrasonic Propagation Characteristics of Partial Discharge
in 10kV XLPE Cable
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Abstract—In XLPE cables, partial discharge (PD) is often accompanied by the generation of
ultrasound waves, which can be used to estimate the location and size of PD. Studying the propagation
law of ultrasound along the cable is of great significance for establishing the mathematical model of PD
and the layout method of ultrasonic detection terminal. This article adopted simulation and experiment
to study the propagation law of PD ultrasound in cables. The results indicated that the propagation
process of ultrasonic waves can be divided into three stages when ultrasonic waves propagate along
the cables: the diffusion process with the characteristics of spherical waves, the propagation process
which is rather similar to plane waves, and the transition process of both. When the ultrasonic waves
propagate along the cable, the ultrasonic amplitude attenuates and exhibits multi-peak characteristics
as the distance increases. By analyzing the signal strength of the experimental results, it was found
that the ultrasonic amplitude decays exponentially with propagation distance due to viscous heat loss
of materials and the air gaps between cable layers, which provided a reference to the placement of
distributed ultrasonic terminal for insulation weakness and design of spatial localization algorithm for
PD.

1. INTRODUCTION

Crosslinked Polyethylene (XLPE) power cables are widely used in urban power supply networks [1].
Partial discharge (PD) in cables accelerates the aging of insulation materials and affects their electrical
performance. The detection of partial discharge is the main means of online monitoring of the working
status of cable power lines [2,3]. It is generally believed that the acoustic wave is generated at the
same time when PD occurs as [4,5]. The ultrasonic method has no direct electrical connection to the
cable line and has good electromagnetic interference resistance [6,7]. It can achieve distributed and
quasi-distributed detection, which has attracted much attention in recent years.

Rohwetter et al. employed a single mode optical fiber Sagnac ultrasonic sensor to study the PD
process of silicone rubber in cable joints under AC and DC voltage [8]. A DC PD pulse about 100 pC was
simultaneously measured above the positive polarity DC partial discharge inception voltage (PDIV),
verifying the performance of the Sagnac optical fiber sensing system in detecting typical defects in
cable joints. They used a quasi-distributed optical fiber ultrasonic detection system based on Rayleigh
reflection coherent optical time domain interference to detect PD defects in 40kV XLPE cable joints
and detected nC level discharge signals, which proved for the first time that this quasi-distributed
optical fiber acoustic sensing technology is a candidate technology for ultrasonic monitoring of PD in
power cable joints and terminals [9]. Czaszejko and Stephens were able to detect the internal discharge
of 10pC by detecting the PD ultrasonic signals inside and along the surface of the XLPE sample
using a Bragg fiber grating sensor. In cables, the magnitude of PD, the location of the discharge
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source, and the type of discharge defects are crucial to the diagnosis of PD defects [10]. Wang et al.
fabricated four types of defects in the XLPE cable intermediate joint, including internal air gap, burr,
sliding flash, and suspended discharge. Using piezoelectric ceramic ultrasonic sensors, they obtained
the PD ultrasonic signal waveforms of these four types of defects and discussed the time and frequency
domain characteristics of the waveforms [11]. Li et al. studied the time domain and phase spectrum
characteristics of PD ultrasonic signals from three types of defects on XLPE materials: tip discharge, air
gap discharge, and surface discharge in a laboratory environment, and studied the relationship between
different voltages and maximum discharge amplitude, average discharge amplitude, and discharge
times [12]. Wang et al. studied the acoustic detection method in power cable and established a PD
analysis model that integrates ultrasonic and electromagnetic methods [13].

XPLE cables are composed of multi-layer insulating materials with complex structures. The sound
velocity and acoustic impedance of each layer of material are different which makes the propagation
process of sound waves more complex than in a uniform medium, and at the same time, the viscous
heat loss of insulation materials and the small air gaps in cable structure can also cause attenuation of
acoustic energy amplitude [14, 15]. However, the existing research on the propagation law of ultrasonic
signals in XPLE cables is relatively incomplete, lacking measured results and clear models for cables,
which makes it difficult to obtain accurate PD information from the ultrasonic signals of detection
terminals.

In order to study the propagation process of ultrasonic waves in cables, this paper established a
sound pressure field simulation model for 10kV XLPE cable body without neglecting the material
absorption attenuation and viscous loss, and studied the propagation process of ultrasonic waves
in cables from the sound source point in detail. By setting process defect discharge points at the
intermediate joints of cables, the propagation law and detection signal characteristics of PD ultrasonic
signals along the cables at different locations were experimentally studied.

2. ATTENUATION MECHANISM OF ULTRASONIC WAVES IN CABLES

The structural diagram of a 10kV XLPE single conductor cable studied in this paper is shown in
Fig. 1, which consists of aluminum stranded conductor and multiple layers of dielectric. The material
parameters of each layer are as shown in Table 1. When there are defects such as bubbles or foreign
particles in the insulator or spikes in the semiconductive layer surfaces of the insulation screen and
conductor screen, PD is prone to occur at these weak points, and the ultrasonic signals generated will
also propagate from these positions to other parts of the cable.
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Figure 1. Sectional structure diagram of a 10kV XLPE cable.

According to the acoustic wave equation in solids.
0*v
ot?
where p is the mass density of the material; v is the particle vibration velocity; V is a Hamilton operator,
which is V = a%ew + (%ey + 6%611 in Cartesian coordinates; A and p are the Lame coefficient of solid

p =A+2u)V(V-v)—uV x (V xv) (1)
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Table 1. Acoustic parameters of each layer structure of 10kV XLPE cable.

. , sound Young’s . , acoustic
structure thickness densitgf velocity modulus POISS?D > impedance
/mm /gm /ms1 /GPa ratio /10 Ns-m~3

Aluminum core R4.75 2700 625 0.7 0.3 16.875
XLPE insulator 5 930 2160 0.9 0.38 2.418
Insulation screen 1.5 150 2100 0.11 0.33 2.205
Conductor screen 1 1050 2100 0.11 0.33 2.205
Copper shield 0.05 8960 381 110 0.35 32.776
Steel-tape armor 0.2 7930 5800 195 0.247 45.994
Outer sheath 3 2230 2400 0.3 0.38 5.35
inner sheath 1 2230 2400 0.3 0.38 5.35

material, which satisfy the following relationship with the Young’s modulus and Poisson’s ratio of the

material.
Eo E

A= =50+ 0

2
(14+0)(1—20) @)
According to Helmholtz theorem, vector fields can be expressed as the sum of scalar gradients and

vector curls. Assume
v=Vd4+V x W 3)
V-¥=0

where ® and W are scalar potential and vector potential, respectively.
Substitute Eq. (3) into Eq. (1) and separate the variables to obtain the potential function equation

of the acoustic field in solid.
0%
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According to Eq. (4), there are two different forms of vibration of sound waves in solids. ® is described

as a longitudinal wave with propagation velocity c;, = 4/ )‘”L% and ¥ described as a transverse wave with

propagation velocity cr = %. At the same time, sound waves also form Rayleigh waves propagating

along the surface of a solid.

The local emission sound source belongs to a point shaped pulse or oscillating sound source, and the
wave front of the point sound source is a spherical wave. Therefore, diffusion should be considered in the
study of the propagation theory of local emission ultrasonic in cables. At the same time, ultrasonic waves
are almost completely reflected at the air interface of the outer sheath, because the acoustic impedance
of the outer sheath of the cable (5.35 x 10N -s-m~3) is much larger than the air acoustic impedance
(0.0004 x 10N -s-m~3). The cable structure will limit the diffusion of PD ultrasonic waves, which only
propagates within the cable. Therefore, it is believed that the PD ultrasound in the cable propagates
longitudinally along the cable, ignoring the diffusion and attenuation of the acoustic wave [15].

In XLPE cables, due to the thin thickness of the two semi-conductive screen layers and because the
acoustic characteristics are similar to those of the insulation layer, the insulation screen and conductor
screen can be incorporated into insulator layer in acoustic analysis. The thickness of metal shield and
metal armor layers is much smaller than that of sound waves generated by PD, and the sound impedance
is much greater than the adjacent insulation material. Reflection will occur at the interface between
the two media during the propagation of acoustic waves along the cable. According to Snell’s law, the
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incidence angle 6;, reflection angle 6,, and refraction angle 0; satisfy Eq. (5).

0; = 0,
sin Ot €2

where ¢; and ¢y are the propagation velocity of sound waves in medium 1 and medium 2, respectively.

According to the structural characteristics of the cable, when ultrasonic wave generated by PD
propagates along the cable, the direction of the acoustic wave is almost parallel to the interface of
different materials, and the propagation characteristics are more consistent with the characteristics of
grazing incidence acoustic waves. Therefore, interface attenuation can be ignored, and it is believed
that the attenuation of ultrasound mainly consists of absorption attenuation, scattering attenuation,
and diffusion attenuation. Among them, absorption attenuation is related to material properties. In
cables, the absorption attenuation coefficient of XLPE for sound waves is greater than that of metal
conductors and has the characteristic of frequency dispersion, that is, the high-frequency components of
sound waves attenuate faster when they propagate through insulation layer. The actual cable structure
consists of multi-layer composite media, with acoustic impedance differences between different media.
At the same time, there are inevitably air gaps or bubbles in some components of the cable, such as
small air gaps in the spiral wound steel armor layer or small bubbles in insulation materials, which can
also lead to ultrasonic scattering.

It is generally believed that the attenuation of planar ultrasonic amplitude with propagation
distance can be expressed by an exponential law and the exponential attenuation coefficient o (unit
is: dB/mm or Np/mm, 1 Np/mm = 8.686 dB/mm), including scattering attenuation coefficient as and
absorption attenuation coefficient c,.

a=0, + 0 (6)

where o, = C1 f,
CoFd?f4,d < A
as =1 CsFdf?,d~ )\ (7)
CyFd=t, d > )

where C', C2, ('3, and C4 are constants; F' is an anisotropic coefficient; d is the grain diameter; A is the
ultrasonic wavelength; f is the ultrasonic frequency.

According to the above analysis, the propagation process of ultrasound along the cable is a complex
model involving multiple media. This paper adopts a combination of finite simulation analysis and
experimental methods to study the general propagation laws of the ultrasound generated by PD.

3. SIMULATION ANALYSIS OF ATTENUATION LAW OF ACOUSTIC WAVE
AMPLITUDE IN CABLE

3.1. Simulation Model

According to the generation mechanism of PD ultrasonic signals, a single pole point acoustic source
is employed to simulate the PD ultrasonic source, and the propagation process of ultrasonic along the
cable is studied.

A 3-D simulation model in COMSOL Multiphysics was constructed according to the structural
parameters of a certain model cable of YJLV series. The rated voltage of the studied cable is 10kV,
with aluminum core and cross-linked polyethylene (XLPE) insulator. The material parameters of each
structure are shown in Table 1.

Due to the small difference in acoustic properties of semiconductive layer materials, the inner and
outer semiconductive layers are combined with insulator to simplify the calculation model. At the
same time, the thicknesses of the steel armor layer and copper shield layer are 0.2 mm and 0.05 mm,
respectively, which are much smaller than the ultrasonic wavelength. To simplify the model and improve
the calculation efficiency, the steel armor layer and copper shield layer are merged into insulation layer
and equivalent to a shell structure whose parameters and dimensions are consistent with the actual
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Figure 2. Model of cable sound pressure field simulation.

structure. The axial length of the model is set to 2m. The longitudinal section of the simulation model
is shown in Fig. 2.

Due to the small spatial scale of PD in the cable, most of the sound sources have the characteristics
of point source. The typical locations of PD include the outer surface of metal conductor, the impurities
inside the insulation, and the outer surface of insulation layer, shown as S, So, and S3 respectively in
Fig. 2.

A Gaussian volume flow rate is employed to simulate the sound source generate by PD, and the

expression is as follows.
Qs =A-exp [-m* - [§ - (t = 1,)"] (8)

where @, is the volume flow rate, whose unit is m?/s; A is the initial value of the volumetric flow rate;
t, is the pulse peak time; and fj is the center frequency of the pulse. According to the research object
of this question, take A = 1m3/s, tp = 10ps, f, = 20kHz. The waveform and spectrum diagram of
pulsed sound are shown in Fig. 3.

0 10 20 30 40 50 0 50 100
t(us) frequence(KHz)

Figure 3. Waveform of Gauss pulse.

3.2. Simulation Results and Analysis

The sound waves inside the cable will undergo a diffusion process starting from the source point, and
the development of the diffusion process can be reflected as the changes in the wavefront shape. As
shown in Fig. 4, in the initial stage of sound wave propagation, the wavefront is closer to a spherical
wave, and as the sound wave propagates along the cable, the wavefront shape gradually transforms
to a plane. When the propagation distance of sound waves along the cable is greater than 110 mm,
ultrasonic waves have the characteristics of plane waves.

The propagation changing process of sound waves can also be explained by the changes of wavefront
shape. The right part of Fig. 4 shows the distribution of the acoustic pressure field on the cable section
at 20 us, 40 us, and 60 us, respectively. It can be seen that the ultrasonic wave front inside the cable
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Figure 4. Distribution of sound field in cable section of Z = 0 in different time.

moves forward with time, and the shape of the wave front gradually changes from a curved surface to
a plane.

In practical testing, ultrasonic sensors are generally installed on the surface of the outer sheath
of the cable. According to the coordinate system shown in Fig. 2, sound pressure detection points
T; (i =1,2,...,19) are set at different distances along the axial direction on the surface of the outer
sheath on the model. The y-axis and z-axis coordinates of the detection points are both zero, and their
x coordinates are as shown in Table 2.

Table 2. x coordinate of detection points of acoustic pressure.

detection points | T7 | Ty | T3 | Ty | T5 | Tg | T7 | Tg Ty | Tyg
x/mm 10 20 30 40 50 60 70 80 90 100

detection points | Ty1 | Tio | Tis | Tig | Tis | Tie | T17 | Tis Tqg
x/mm 200 | 300 | 400 | 500 | 600 | 700 | 800 | 900 | 1000 -

Sound pressure time responses at points To, Tg, T1g, and Ti; are extracted as shown in Fig. 5.
According to Fig. 5, points T9 and Tg correspond to the diffusion zone and transition zone, respectively,
and T1p and Ty are both in the plane wave propagation zone. It can be seen that the amplitude of sound
pressure gradually decreases as the propagation distance increases, and gradually exhibits a multi-peak
characteristic, which is caused by the reflection and refraction of sound waves as they propagate through
the cable due to the differences in acoustic characteristics of different structural materials of the cable.
During the plane waves propagation, the characteristics of waveform gradually become stable, and the
amplitude of the waveform decreases with the propagation distance.

The simulation results indicate that during the diffusion stage of ultrasonic signals, the wavefront
does not exhibit axisymmetric characteristics, and the detection signal on the outer surface of the cable
is related to the circumferential position. Considering the randomness of PD positions, signal receiving
terminals should be installed in the plane wave propagation range in practical applications.



Progress In Electromagnetics Research C, Vol. 137, 2023 229

0.0 —
1.5 ‘12
o | ' T . |
5 0.0 0.2 0.4
5 0.0 T
-:g-‘ _O. (in ] ’r—
2 | ' | J |
= 0.0 0.2 — 0.4
g 0 O —_——\r\/‘\\j‘\/\Mm T]O'_
“ 0.9 : : : |
0. 0 0.2 04
0.0 —_—*\/_\/""\/\'\/\"——"MTH’
—0.5H = _
! | ! |
0 0.2 0.4
Tmme/ms

Figure 5. Sound pressure-time curve of detection point Ts, T, T and Tyy.

4. EXPERIMENT AND ANALYSIS OF PD SOUND WAVE IN CABLE

A PD ultrasonic detection platform for a certain type of 10kV single-phase cable has been built, and
the experimental system diagram is shown in Fig. 6.
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Figure 6. Experimental system diagram.

The signal generator outputs a voltage waveform consistent with the characteristics of the PD
sound and drives the transmitting transducer, which was placed on point P to simulate the ultrasonic
signal produced by PD occurring on the conductor surface. The detection transducer receives sound
pressure signals at different positions along the cable. Then, the signals are adjusted by an amplifier
and collected by an oscilloscope. Based on this experimental platform, two studies were conducted:
installation method for acoustic signal receiving terminals and attenuation law of sound waves along
the cable.

The length of the experimental cable is 5 meters. The sheath and insulation structure at one
end are removed to expose the conductor. The transmitting transducer injects sound waves into the
outer surface of the conductor through an epoxy resin coupling block, while the receiving transducer is
attached to the outer surface of the cable through a coupling block. The axial distance between two
transducers is denoted as x.
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In order to study the effect of the angle between the detection transducer and the sound source position,
a plane with axial detection distance of z = 200 mm was selected, as shown in Fig. 7(a). Four sensors
at different positions were installed on the plane, with angles of 0°, 90°, 180°, and 270° with sound
source, respectively. The radial position of the PD source and the detection transducers are as shown

in Fig. 7(b).

The detection waveforms are as shown in Fig. 8. It indicates that on the same detection plane,
the acoustic signals at different positions are basically identical, which is consistent with the simulation
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Figure 7. Detection scheme for different circumferential positions. (a) Schematic diagram of detection

plan. (b) The installation position of sensors in the detection plane.
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Figure 8. Waveform detection at different positions.
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results. It is verified that sound waves have the characteristics of plane waves when propagating over
long distance along cable lines.

4.2. Attenuation Law of Sound Waves Along Cable

The axial coordinates of each detection point are shown in Table 2. The sound pressure signals at
different detection positions are as shown in Fig. 9. It can be seen that there is significant difference in
signal amplitude and waveform as the propagation distance increases. First of all, the detection signal
gradually exhibits the characteristics of multiple clusters of signals, which is consistent with the trend

200 . \ . . ‘ . :
x=100mm
0 J\[\[UW\A/\/\/\/WWWM
_200 | | | | | | |
0.5 1 1.5 2 2.5 3 35 4
time(ms)
50 T T T T T T
= x=200mm
-
_50 | | | | | | |
0 0.5 1 1.5 2 2.5 3 35 4
time(ms)
10 T T T T T
x=300mm
0 !
_10 | | | | | | |
0 0.5 1 1.5 2 2.5 3 35 4
time(ms)

Figure 9. Sound pressure at different positions.
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Figure 10. Attenuation law of sound pressure signal.
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of multi-peak changes in the sound pressure signal in simulation. At the same time, sound pressure
amplitude decreases rapidly as the propagation distance increases.

The P-P values of multiple detection point waveforms along the cable were extracted, and the
attenuation law of ultrasonic signal intensity along the cable was studied. The result was as shown in
Fig. 10, which indicates that the attenuation of measured signal is faster than that of the simulation.
This is due to the small-sized air gaps at the interface between two materials of the cable, which hinders
the radial propagation of acoustic vibration energy. At the same time, poor coupling between the sensor
and the outer surface of the cable can also weaken the measurement signal strength.

In the experiment, increasing the contact pressure between the ultrasonic sensor and the outer
surface of the cable can effectively enhance the amplitude of the detection signal. As shown in Fig. 11,
the amplitude of the detection signal is nearly doubled when 10N pressure is added to the detection
Sensor.
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Figure 11. Signals of sensors with different installation pressures.

5. DISCUSSION AND CONCLUSION

This article employed simulation and experimental methods to study the propagation law of ultrasonic
signals generated by PD in cables. A simulation model for one type of 10 kV XLPE cable was established.
The internal propagation process of PD ultrasonic cable was studied, and the ultrasonic attenuation
in the 10kV single-phase XLPE cable was measured on the cable ultrasonic attenuation experimental
system. The results indicate that:

(1) The ultrasonic waves generated by PD in cables are greatly affected by the acoustic properties
differences of the materials in each layer of the cable during propagation along the cable. In longitudinal
propagation, sound waves are separated due to the velocity difference of sound in each layer. By
utilizing the differences in sound velocity among various materials, the accurate localization of PD can
be achieved, which provides new ideas for precise localization methods of PD.

(2) In the longitudinal propagation of sound waves along cables, the amplitude attenuation is
equivalently fast. During the propagation of sound waves along the cable, the amplitude attenuation of
sound waves along the cable is fast, and the propagation distance is small, which makes the ultrasonic
method unable to be used for remote PD signal detection. Both simulated and experimental results
indicate that the detection range of PD signals using ultrasonic method do not exceed 500 mm, which
is more suitable for distributed ultrasonic testing near the cable intermediate joint.

The research results of this paper provide a basis for building a distributed information detection
system for key parts of cables using ultrasonic testing method.
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