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Abstract 

  The presence of partial discharge (PD) in electrical 

equipment is the confirmation or indication of an ongoing 

degradation of its dielectric insulation. PD study is a widely used 

tool for condition monitoring of medium voltage (MV) cables. 

The location of the defects can be considered as one of the most 

important tasks of diagnosis in underground installations of MV 

cables. A lot of references can be found on the location of single 

PD sources along the cable. However, several PD defects can be 

active simultaneously along a cable section. This paper presents 

an experimental study on a MV cable having two PD sources 

and noise. Adopting one end measurement technique, a high 

frequency current transformer (HFCT) is used to capture the PD 

current pulses. A simple approach of identification of the PD 

signals originated from different PD sources is presented based 

on wave-shape study along with a time domain reflectometry 

analysis. The presented measurement methodology and time 

domain analysis technique provides a convenient way for 

detection and location of more than one PD sources along a cable 

section. 

 Introduction  

Power distribution system consists of different types of lines 

carrying electric power from medium voltage (MV) substation 

to the consumers via distribution transformers. These lines are 

underground cables, overhead covered conductor (CC), and bare 

conductor overhead lines. Due to reduced failure rate, 

environmental conditions, esthetical preferences, and public 

safety of the cables, the overhead lines are being replaced by 

underground cables.  

Insulation faults are the major cause of failure of MV cables. 

Such faults cause the initiation of partial discharges that can be 

monitored using appropriate sensors and can be located using 

suitable techniques. An increased interest has been shown in past 

decades to improve the available monitoring and diagnostic 

solution. A lot of work has been done to determine the detection 

and location of the PD faults [1]-[2]. Most of the work is done 

to detect and locate the presence of a single PD defect on a 

section of a cable. Recently progresses have been made to 

identify multiple faults using signals processing techniques, as 

well as to identify the type of the PD defect as corona, surface, 

internal, etc. [3]-[4]. Similarly, there has been recent progresses 

in the detection and location of multiple PD sources in the 

transformers using acoustic sensors based on the travelling time  

of the shock wave created by the PD [5]. However, the 

diagnostics of multiple PD faults that are active simultaneously 

have not been focused yet.  Recently, reference [6] presents a 

work to detect the presence of the multiple PD sources along a 

cable section using power spectral separation. The use of such 

technique is valuable; however, its implementation needs high 

expertise on signal processing techniques, combined with 

artificial intelligence, some prior knowledge of PD defects, and 

assumptions of the number of PD sources, to guide the technique 

to make the signal identification. Therefore, along with the 

sophisticated techniques, it is required to keep developing the 

conventional technique based on simple studies that can provide 

simple and convenient ways to initiate the diagnostics. 

This paper presents a simple approach of waveform analysis 

in the time domain to identify the presence of more than one PD 

source along a cable section that are active simultaneously. The 

work is based on experimental investigations carried out in a 

laboratory environment. Once the PD signals are identified and 

separated, the time domain reflectometry technique is used to 

localize the PD signals. 

The paper is organized as follows; section 2 presents the 

understanding of localizing breakdown sections across the 

defective part of a cable insulation. Section 3 describes the 

characteristic parameters of a PD current pulse that can help in 

the fault diagnostics. Section 4 presents a brief discussion about 

the behavior of cables as medium of propagation of the PD 

current pulse and the measurement system to acquire them. 

Experimental investigation of the PD defects, fault 

identification, and their location is done in Section 5, while 

Section 6 concludes the findings.    

 Partial discharge in the MV cables  

Cavities, cracks, air bubbles and treeing in the dielectric 

insulation cause deterioration of the cable and grow with time 

and in extent due to various stresses (thermal, electrical, ambient 

and mechanical stresses, also called TEAM stresses). At a 

certain time, insulation strength becomes so weak that suffers a 

complete breakdown.    

The physical model of the cavity emerging inside the insulation 

of a MV cable and its surrounding healthy insulation is shown 

in Fig. 1(a). Assuming that the solid insulation of the cable has 

a thickness hi and dielectric permittivity εi, while hc is the 

thickness of disc shaped cavity with a dielectric permittivity εc. 

Due to different dielectric constants of the insulation between 

the electrodes, different capacitances emerge which 
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proportionally divides the voltage applied across the electrodes. 

To analyze the PD ignition, a well-known electrical (a-b-c) 

model of the cavity inside insulation is used and shown in Fig. 

1(b). Here Cia, Cib, and Cic are the capacitances of the respective 

sections. The voltage Va across Cia is essentially divided across 

Cib and Cic which represents the faulty region. The voltage Vc 

across Cic is of major concern for PD generation and is expressed 

as, 

 

 

 

 

 

     

 

 

                            (a)                                                 (b) 

 
Figure 1. (a) Physical model of the cavity inside insulation (upper 

half of the cross-sectional view of cable) and (b) electrical a-b-c model 

of the cavity inside cable insulation. 

 

𝑉c = 𝑉a 

𝐶ib

𝐶ib + 𝐶ic

.                                                                         (1) 

In terms of respective dielectric permittivity, it can be expressed 

as, 

𝑉c = 𝑉a 

1

1 +
𝜀c

𝜀i
(

ℎi

ℎc
− 1)

.                                                             (2) 

The electric field Ea due to supply voltage Va is uniformly 

distributed across insulation between the conductors. Based on 

Va=Ea d, where Ea is the electric field due to potential Va across 

the electrodes, the electric field Ec across the cavity can be 

described as  

𝐸c = 𝐸a (
ℎi

ℎc

)
1

1 +
𝜀c

𝜀i
(

ℎi

ℎc
− 1)

.                                                   (3) 

Considering the practical behavior of a partial breakdown of 

insulation within the particular cavity, if the size of the cavity 

and relative permittivity are considerably smaller than the solid 

insulation, as will usually be the case, the Ec will be significantly 

greater than Ea.  

Assuming hc = 0.6 mm inside a 12/20 kV cross-linked 

polyethylene (XLPE) cable having 6.6 mm in thickness (hi) 

insulation. For ɛc=1 (relative permittivity) and ɛi=2.3 (for  

XLPE), the electric field intensity in the cavity is approximately 

2.3 times that of the surrounding insulation at a certain applied 

voltage. The dielectric breakdown strength of XLPE is EBA=21 

kV/mm (approximately) whereas for the air-cavity is EBC= 3 

kV/mm (approximately). Therefore, for the above-described 

cavity, the applied voltage VBC at which the breakdown starts to 

occur can be determined in terms of EBC and dimensional 

arrangement of the cavity as in, 

𝑉BC = 𝐸BC (1 +
𝜀c

𝜀i

(
ℎi

ℎc

− 1)) ℎc.                                               (4) 

When the voltage across the cavity rises to VBC, a discharge 

takes place within the capacitive cavity which is called PD 

inception voltage and it is calculated as VBC = 9.6 kV in this case, 

even when the nominal phase-to-ground voltage is 12 kV for the 

12/20 kV cable under test. Once the process is triggered, the 

insulating materials start to deteriorate progressively and 

eventually lead to a complete breakdown.     

 Characteristics of a PD current pulse 

A PD current pulse can be expressed as  

𝑖pulse(𝑡) = 𝐴(𝑒−𝛼2𝑡 − 𝑒−𝛼1𝑡)                                                    (5) 

A typical PD pulse is compared with the practically measured 

PD pulse in Fig. 2 where A is the peak value of the pulse, α1 is 

the rate of rise-time and α2 is the rate of fall-time. 

 

 

 

 

 

 

 

 

 

 

Figure 2. Typical PD pulse in electrical power systems, mathematical 

(ideal) pulse in green and practically measured PD pulse in blue. 

 

Rise-time of the pulse is an important parameter of PD activity 

and also determines the highest frequency components of the PD 

signal. The faster the rise-time, the higher will be the frequency 

of the PD pulse. The rise-time of PD pulse depends on the drift 

velocity and the size of the cavity (the path travelled by the 

discharged avalanche). For a gas-filled cavity, the drift velocity 

vd in cm/s can be determined theoretically as [7]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Characteristics parameters of a PD pulse. 
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𝑣d = 1.334. 106 + 4.22. 105 (
𝐸ci

𝑝
)                                           (6) 

 where Eci (kV/cm) is the electric field intensity at PD inception 

and p is the atmospheric pressure of the cavity. Hence the rise-

time (transit time) Tr is calculated as 

 

𝑇r =
ℎc

𝑣d

                                                                                            (7) 

where hc is the depth of the cavity (void) which is the distance 

that the charges travel during a discharge event. Equation (7) 

presents an estimation of the rise-time, however local factors 

such as temperature and conductivity of the cavity also have an 

impact [8]. For a cavity of 0.2 cm in diameter in two 

polyethylene films with a void depth of 0.08 mm and 0.12 mm, 

the rise-time (Tr) of PD pulse (shown in Fig. 3) is calculated as 

0.754 ns and 0.991 ns respectively [7]. The fall- time Tf of the 

induced PD pulse depends upon the impedance of the cable, 

propagation characteristics of the medium (cable system) a 

given pulse must travel through prior to be measured, and the 

impedance of the measuring system [9]. The above mentioned 

parameters of the PD pulse vary for different types of insulation 

in electrical components. Size and type of insulation defect also 

affects the value of these parameters. 

 

The shape of the pulse and its characteristics play an important 

role during the analysis of the ongoing PD activity. In order to 

measure a PD signal accurately, the measuring sensor should be 

designed with compatible sensitivity and bandwidth. The 

amplitude of the PD pulse sets the intended sensitivity of the 

sensor. Similarly, rise-time, fall-time, and pulse width which 

refer to the frequency contents of a pulse signal, provide an idea 

for selection of a suitable bandwidth of the sensor. Based on 

practical experiences, the amplitude of PD pulses lies within the 

range up to few milli-amperes while the pulse width ranges 

between nanoseconds to microseconds. 

 

 Possible effects of MV cable and measurement 

system-Discussion  

PD current pulses are generated and travel along the line or 

cable and then they are sensed by the sensors. Figure 4 shows 

the operational diagram of the PD measurement setup in which 

a PD pulse P1 is induced on the line and travels through the line 

inheriting the characteristics of the line parameters and captured 

by the sensor transducer; finally, the measured signal is observed 

at the output of sensor interface through a data acquisition 

system. 

Here i1(t) is the primary or original signal emerged at the PD site, 

i2(t) is the PD signal at the measuring point having travelled 

through the cable, and i3(t) is the received signal, while Tc and Ts 

are the transfer functions of the cable and the sensors 

respectively, that incorporate the effects of the characteristics of 

the cable and the sensor systems.  

It has been studied that the cables have significant effects on the 

propagating PD signals considering two aspects; frequency 

domain and time domain. Because of the specific geometric 

construction of conductors, dielectric insulation, and 

semiconducting layers, the electrical parameters of the cable 

such as resistance, inductance and capacitance, affects the PD 

signals propagating along the cables. Attenuation and dispersion 

are two major effects that high frequency pulses have to bear 

during their propagation. The attenuation constant represents the 

metal losses proportional to the resistivity; and the dielectric 

losses due to the loss tangent, the conductivity of the dielectric, 

and the stray radiation. The in-depth analysis presented in [10] 

demonstrates that there exists a severe attenuation for the PD 

signals of higher frequencies (above 30 MHz) in MV cables. The 

dispersion exhibits the velocity depends of the frequency 

components of the PD signals while travelling along the line. 

This dependence leads to the spreading of the measured PD 

pulse. The dispersion is mainly due to the high frequency 

behavior of the semiconducting layer. High frequency 

components of the PD signal face immense attenuation. 

Consequently, the signal bandwidth is reduced and the original 

PD shape is spread in the time domain [11]–[12]. 

 

 

 

 

 

 

 

 

 

Figure 4. Layout of the PD measurement process along the MV 

cable. 

 

Sensors are designed in such a way that the effect posed by 

their circuitry and any internal signal processing should be 

removed by signal conditioning, compensation, and calibration. 

Considering electromagnetic induction sensors designed in [13]-

[14], the major effects that appears during measurement process 

are, mutual inductance, the 2nd order RLC (resistance-

inductance-capacitance) response, and time derivative of the 

input current. These effects have been compensated and as an 

outcome, the original signal is produced. Therefore, it can be 

stated that an ideal sensor the effect of sensor’s characteristics 

should not appear at the output and therefore a sensor’s output is 

a copy of the input signal.      

 

 Two PD faults on the MV cable 

5.1. Experimental setup 

Experimental investigations were done on a 20-kV shielded 

MV cable with a low-density high-molecular-weight 

polyethylene insulation. The length of the cable was l= 150 m, 

while the conductor section was AWG 18 or 1 mm2 and the 

external jacket had a diameter of 7.7 mm. 

Two PD faults were created at different locations P1 and P2. It 

was a new cable that had no PD faults. The ends of the cables 

were peeled off to get the shieldings separated in order to install 
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the PD sensor. The separated shielding at End A was acting as 

PD source P1 while at the End B the shielding was immersed in 

the transformer oil to avoid the PDs. Similar kind of arrangement 

was made to have a PD source in the middle of the cable section. 

The cable was split into two sections (Figure 5 and 6), and 

connected again to join the inner conductors and the shielding 

with crocodile clips. This creates an intentional defect in the 

electrical insulation between conductor and shielding at point P2. 

PD source at P1 was at the End A of the cable and therefore 

located at distance x1= 0 m from End A. The distance of P2 from 

End A (x2= 84.5 m) was selected randomly at a considerable 

distance from the cable ends. 

 

 

                   Figure 5. Laboratory setup for PD measurements.  

 

 

 

 

 

 

 

 

Figure 6. Layout the PD measurement setup.  

 

A MV transformer was used with variable control to adjust the 

applied voltage that energized the cable. The applied voltage 

was raised up to 4 kV and the PD signals were measured at the 

End A using an HFCT. The trigger of the oscilloscope was set 

low in order to capture the possible low PDs. The data was 

acquired at a sampling rate of 1 GS/s. As the PD emission is a 

continuous activity with a large number of pulses emitted from 

each PD source after every certain interval, therefore 500 signals 

were recorded with each window consisting of 5000 samples. 

The starting of each captured window is based on the trigger 

level of the PD pulse and it lasted for 5000 samples. The length 

of the number of samples (5000) or the duration (5 µs) of the 

window was selected by keeping in view to record enough time 

for each incident PD pulse measured by the HFCT and its two 

(1st and 2nd) reflections reaching to the HFCT by travelling 300 

meters that requires 2 µs or 2000 samples. The third reflection 

was too attenuated to be of interest and therefore it has not been 

taken into account. 

Figure 7 presents the data of 500 signals in the same data file. 

For detailed analysis, the data was divided into sets of 10 

individual signals to observe the shape of the signals and their 

reflections as shown in Fig.8 while more clear analysis can be 

seen in Fig. 9.  

 

 

Figure 7. PD data of 500 signals.  

 

Observing Signal 1 to Signal 10, it can be seen that the pulses 

have different amplitudes, polarity, wave shape, and pulse 

repetition rate. The difference between the amplitude and the 

polarity is because of the phase location of the pulses. Due to 

sinusoidal supply, the amplitude of the pulses is greater at the 

higher instantaneous voltage and the polarity is opposite due to 

positive and negative cycle of the supply voltage. The wave 

shape depends upon the shape, size, or type of the PD source. 

From the analysis of the data, it was also observed that the 

number of pulses during certain time from the PD 1 source are 

greater than the number of pulses captured from the PD 2 type. 

Based on the dimension of the PD cavity or defect type the time 

taken for the charging and discharging of the capacitance across 

the cavity varies that leads to the generation of the PD pulses at 

different rate even for the same applied voltage.  

 

Figure. 8. PD analysis in the sets of 10 consecutive PD signals.   
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The detection of the different types of PDs on the cable can be 

initiated by observing the wave-shape of the first pulse of each 

signal. Signal 3 and Signal 8 have the similar wave shapes while 

rest of the signals have the same wave shapes. Therefore, a 

perception can be made that two types of PDs are present; Signal 

1 and its alike can be considered from PD1 source and the Signal 

3 and its alike are considered from PD2 source. Extending the 

analysis by observing the reflections of each signal can provide 

a better understanding. It can be clearly seen that the reflected 

pulses of both types of signals have different times of arrival that 

confirms that these signals are emerging from the sources that 

are at different locations along the cable.  

 

Figure 9. PD Analysis in time domain to observe wave-shape and 

time of reflections.  

 

5.2. TDR based analysis for fault location 

Time domain reflectometry determines the location of the source 

based on the wave propagation velocity of cable and time 

difference of arrival between the original pulse and its reflection 

arriving at the measuring point. The wave velocity of the cable 

has been determined experimentally as 1.575 x 108 m/s. 

Assuming a cable of length l, the PD pulse generated from a 

point P in the middle starts to travel in one direction toward end 

A to be captured by the sensor at time t1 after traveling a distance 

x. At the same time, the PD pulse starts traveling from point P in 

the opposite direction toward end B of the cable by covering first 

the distance l − x, and then, it is reflected back to reach the sensor 

at  End A after a time t2. The distance of the fault from End A 

can be calculated 

𝑥 = 𝑙 −
∆𝑡𝑣

2
          (8) 

Where ∆t=t2-t1. 

The two signals identified as emerging from different PD 

sources are shown in Fig. 11. The time of the PD pulse can be 

taken as the time of start or the first peak of the PD pulse. In 

Figure 11(a), the first pulse of the signal PD1 arrives at time 𝑡1= 

0.662 µ𝑠 while the reflected pulse arrives at time 𝑡𝑅1=1.512 µ𝑠 

therefore  ∆𝑡1 = 0.850 µ𝑠 can be used in equation 8.  

𝑥1 = 𝑙 −
∆𝑡1𝑣

2
= 0.85 𝑚  

Similarly, considering the first pulse of the signal PD2 arrives at 

time 𝑡2= 0.629 µ𝑠 while the reflected pulse arrives at time 

𝑡𝑅2=2.526 µ𝑠 therefore having  ∆𝑡2 = 1.90 µ𝑠 can be used in 

equation 8. 

𝑥2 = 𝑙 −
∆𝑡2𝑣

2
=  83.27 m 

 

 

 

 

(a) 

 

 

 

 

(b) 

Figure 10. (a). The propagation of the PD signals away from the PD 

site, (b). Time difference of arrival of the original and reflected PD 

signals.  

 

Figure 11. TDR based location of the two PD sources, (a). Time 

difference of arrival for PD 1 type, (b). Time difference of arrival for 

PD 2 type. 
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Considering these measurements, PD source 1 and 2 are 

located at distances 0.85 m and 83.27 m respectively while the 

actual distances are 0 m and 84 m respectively that represents a 

small error. The sampling period is a source of the error the 

sampling period can cause minor errors in a systemic manner. In 

this work, the measurements were recorded at a sampling period 

of 1 GS/s. This means the measurement are recorded with a 

resolution of 0.15 m. Therefore, there is always a possibility of 

the error of 0.15 m distance during extraction of the results from 

the measurement waveforms. The issue of sampling period can 

affect the accuracy of the location diagnostics during 

measurement of time difference or arrival. Although the distance 

of the defect points from the cable end has been measured 

carefully, however as the cable was unrolled from a drum, some 

bending may cause an error in its measurement.  

The XLPE has emerged as a robust dielectric insulation that 

makes the insulation of a cable sections quite reliable. However, 

joints are always needed and are the most vulnerable 

components of an MV cable. When the PD measurements are 

performed at a certain part of the cable feeder having number of 

joints, there is a possibility that more than one joints are 

suffering with the PD defects simultaneously. In this case, the 

presented methodology will be useful to identify and locate the 

faulty joints efficiently. This scenario is more likely in the paper 

insulated cable that are installed decades ago and have increased 

number of joints due to repairs during their life time.    

 

 Conlusions 

PD current pulses emerging from the defect locations 

propagate along the cable and can be captured by the sensors at 

the joint or cable ends. The cables and sensors have their own 

properties that are incorporated into the propagating PD pulses. 

Although the PD signals are emerged from the same type of 

cable, at the same operational stresses and measured by the same 

sensor, based on the type or shape of the defect, the emerged PD 

signals are different from each other and they maintain their 

shapes and signatures. Based on the shape and the time of the 

arrival of the reflected pulses, identification of the sources can 

be made if they are located at different locations. The presented 

method can be used for identification of the PD sources based 

on visual analysis of the data in time domain and its outcomes 

can be valuable to compare or for dual verification of the 

algorithm based ‘automated’ ways of signal classification.  
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