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 Precise localization of partial discharge (PD) sources on power cables is vital 

to prevent power line failures that can lead to significant economic losses for 

electrical suppliers. This study proposes four methods to estimate the time 

delay of PD signals under electromagnetic interference, including white 

Gaussian noise (WGN) and discrete sinusoidal interference (DSI), using 

denoised PD signals with signal-to-noise ratios ranging from 10.6 to -7.02 dB. 

The maximum peak detection (MPD) and cross-correlation (CC) approaches, 

as well as two new techniques, interpolation cross-correlation (ICC) and 

envelope cross-correlation (ECC), are evaluated for their effectiveness in PD 

source localization. The researchers employ the time difference of arrival 

(TDoA) algorithm to compute PD location using the double-end PD location 

algorithm, where the PD location precision serves as an indicator of the 

accuracy of the time delay estimation methods. The study concludes that CC 

and ICC are the most suitable methods for estimating the time delay of PD 

signals in the PD location algorithm, as they exhibit the lowest error rates. 

These results suggest that CC and ICC can be used effectively for precise PD 

source localization under electromagnetic interference on power cables.   
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1. INTRODUCTION  

The reliability of power systems is of utmost importance, and the timely detection of faults in electrical 

equipment and cables is crucial for maintaining this reliability. According to IEC-60270, partial discharge (PD) 

refers to a local dielectric breakdown that occurs in a small part of an insulation system when the local electric 

field exceeds the local dielectric strength at a specific location in or near an energized object [1]. The occurrence 

of PD can be attributed to factors such as contamination, aging, or damage to the insulating material between 

different voltage potentials, which can lead to gradual damage and eventual failures. Hence, reliable and non-

intrusive PD localization methods are necessary for detecting and locating PD signals. These methods can be 

performed online during routine servicing or offline by energizing each successive phase with a high-voltage 

source [2]. Table 1 illustrates some of the available methods for PD detection [3]. 

The process of PD location comprises three sub-processes that are critical to its success, as illustrated 

in Figure 1. The first sub-process is the detection of the PD at the sensor, which is extensively discussed [4]. 

The second sub-process involves the application of de-noising techniques to eliminate electromagnetic noise, 

as described in [5]. Finally, the time difference of arrival (TDoA) method is used to locate the PD [6]. 
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Table 1. PD detection methods with their advantages, disadvantages, and applications 
PD detection 

methods 
Description Advantages Disadvantages Application 

Ultra-high 

frequency (UHF) 

measurement [7], 
[8] 

- Measuring the UHF 

electromagnetic 

signals emitted by PD 
events in the UHF 

frequency range  

(300 MHz to 3 GHz). 
- Example of sensors 

used: Antennas, 

coaxial cables, and 
resonant circuits. 

- High sensitivity 

- Capability to detect PD 

events in real time. 
- Ability to detect PDs in 

the early stage of 

insulation deterioration. 
- Can be performed 

remotely.  

 

- Measurement ranges 

are restricted 

- The requirement for 
specialized 

equipment. 

- The potential for 
interference from 

other sources  

- The potential for 
measurement errors 

due to reflections and 

multi-path effects. 

- High-voltage 

electrical 

equipment, such 
as power 

transformers, gas-

insulated 
switchgear, and 

cables.  

 

Acoustic 

measurement  

[9]–[11] 

- Measuring the sound 

waves generated by 

the discharge, which 

can be detected by 

sensors placed in 

close proximity to the 
insulation.  

- Example of sensors 
used: Ultrasonic 

sensors, airborne and 

structure-borne 
sensors. 

 

 

- Low cost 

- Capability to detect PD 

events in real-time 

- Can detect PD in a wide 

range of insulation 

types, including solid, 
liquid, and gas-insulated 

systems. 
- Can provide information 

on the location and 

severity of the 
discharge. 

- Can detect PD in both 

high and low-voltage 
equipment.  

- Low sensitivity 

- Difficulty in 

accurately locating the 

source of PD 

- Can be affected by 

external noise such as 
background noise in 

the environment. 
- The signal strength 

can be affected by the 

distance between the 
sensor and the 

insulation. 

- May be necessary to 
use multiple sensors to 

cover a large area. 

- High-voltage 

electrical 

equipment, such 

as power 

transformers, gas-

insulated 
switchgear, and 

cables.  
- Use in aerospace 

and automotive, 

for detecting PD 
in insulation 

systems used in 

motors, 
generators, and 

other electrical 

equipment. 
Optical detection 

[12], [13] 

 

- Detects ultraviolet 

(UV) and visible light 

generated by 
discharge events with 

optical sensors. 

- Examples of sensors 
used: Photomultiplier 

tubes (PMTs) or 

photodiodes. 

- High sensitivity,  

- Can detect even low-

level PD events and 
provide accurate 

measurements of the 

discharge magnitude, 
location, and frequency. 

- Does not require any 

direct contact with the 
insulation, which is 

beneficial for online 

monitoring applications. 

- Expensive,  

- Complex to operate,  

- The impact of ambient 
light, and the potential 

for sensor saturation 

due to high light 
levels.  

- UV light can be harmful 

to humans, so proper 
safety precautions must 

be taken when working 

with optical PD sensors. 

- Online 

monitoring of 

high-voltage 
equipment such 

as transformers, 

cables, and 
switchgear 

Impedance 

measurement [14] 

- Measuring the 

electrical system's 

impedance to detect 
the presence of PD 

events. 

- Example of sensors: 
Capacitive sensors 

 

- Can detect PD in a wide 

range of insulation 

types, including solid, 
liquid, and gas-insulated 

systems. 

- Real-time detection of 
PD events 

- Capability to identify 

and locate PD events in 
complex electrical 

systems. 

- Less affected by 
external noise sources, 

more reliable in noisy 

environments. 

- The requirement for 

specialized 

equipment. 
- May not be able to 

detect very low-level 

PD signals. 
- May not provide 

information on the 

location or severity of 
the discharge. 

 

- High-voltage 

electrical 

equipment, such 
as power 

transformers and 

cables. 
 

Thermal imaging 

[15] 

- Detecting heat 

generated by PD 

events with infrared 
cameras, which can be 

seen as hot spots on 

the surface of the 
equipment. 

- Example of sensors: 

- Infrared sensors or 
cameras. 

- High sensitivity 

- Capability to visualize 

PD events 
- Invasive nature, it does 

not require the 

equipment to be taken 
out of service for 

testing. 

- Can detect PD activity 
in inaccessible or hard-

to-reach areas. 

- The requirement for 

specialized equipment. 

-  The possibility of 
false readings in the 

presence of thermal 

noise. 
- Can only detect 

surface PD activity, it 

may not be able to 
detect PD activity 

within the insulation 

system. 

- High-voltage 

electrical 

equipment, such 
as power 

transformers and 

switchgear used 
in the aerospace 

industry. 
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Figure 1. PD location processes 

 

 

Partial discharge diagnosis is a crucial component of electrical insulation testing. Several sensor 

techniques [16] have been developed to accomplish this goal, including the UHF method [17], optical acoustic 

technology [18], acoustic analysis [19], high-frequency current transformers (HFCTs) [20]–[22], Rogowski 

Coils [23], [24], and capacitive sensors [25]. Each of these methods has its own strengths and weaknesses. The 

selection of a sensor depends on several factors such as the type of partial discharge being analyzed, the ambient 

conditions, and the desired measurement accuracy and sensitivity.  

Detecting and extracting PD signals amidst noisy environments during on-site PD measurements 

poses a significant challenge. The presence of noise sources, such as thermal or resistive noise from measuring 

circuits and high-frequency sinusoidal signals that are electromagnetically coupled, make the task even more 

difficult. Precise and reliable detection of PD signals requires the implementation of advanced deep learning 

techniques [26], [27]. To accurately detect PD signals, the TDoA of an UHF signal emitted by a partial 

discharge source can be calculated and detected. The first peak and cumulative energy methods, presented in 

[28], provide effective means for calculating and detecting TDoA. With the use of these techniques, the TDoA 

of the UHF signal can be precisely determined, thereby enabling the accurate detection of PD signals. 

PD localization algorithms can improve power system reliability by detecting insulation problems in 

cables and power equipment in a substation. Numerous PD localization algorithms have been developed in 

recent years, including “UHF partial discharge localization algorithm” [29], [30], “partial discharge 

localization in high voltage systems” [31] “partial discharge localization method in transformers” [32], multi-

end correlation-based PD location technique (MEC) [33], segmented correlation and trimmed mean data 

filtering techniques for medium-voltage (MV) underground cable segmented correlation trimmed mean 

(SCTM) [34] and others. According to recent research, SCTM [34] outperforms the MEC algorithm in terms 

of PD location accuracy. The careful selection of a PD localization algorithm is crucial for improving the 

accuracy of the diagnosis of insulation problems in cables and power equipment, and thus enhancing the 

reliability of the power system.  

This research aims to improve the accuracy and reliability of PD localization algorithms for power 

cables by investigating the best time delay estimation method. Some of their characteristics are lost during the 

denoising process when PD signals are in a high-noise environment. The aim of this study is to compare the 

performance of four-time delay estimation methods [35], [36], apart from the commonly used approaches 

maximum peak detection (MPD) and cross-correlation (CC), two new methods are also introduced by the 

authors, namely interpolation cross-correlation (ICC) and envelope cross-correlation (ECC) to determine the 

most effective approach. The results of this research have the potential to enhance the reliability of power 

systems. 

 

 

2. METHOD 

The proposed research study entails the utilization of MATLAB scripting to perform simulations 

aimed at evaluating the effects of four distinct time delay estimation methods on the online PD monitoring 

system under scrutiny. Figure 2 shows the proposed online PD monitoring system that utilizes a double-end 

PD sensor measuring method to estimate the PD location. This system may employ Rogowski coil (RC) or 

PD Detection

• Online/offline PD 
detection 

• Detection methods are 
classified as electrical, 
optical, chemical, or 

acoustic.

• During the pre-
processing process, 
continuous signals 

from PD sensors will 
be converted to 
discrete signals.

De-noising

• Suppress the excessive 
noise detected by the PD 

sensor.

• Depending on the noise 
condition, fast fourier 

transform (FFT), artificial 
neural network (ANN), 

discrete wavelet transform 
(DWT), and deep learning 
techniques will be used as 

de-nosing tools.

• The signal-to-noise ratio 
of the PD signal will be 
high after the de-noising 

process, and it will be 
ready for the PD location 

process.

PD Location process

• The PD location for the 
Single-end PD Detection 
method is time of arrival 

(ToA).

• The PD location for 
double-end PD detection is 

TDoA.

• ToA and TDoA will use 
time delay estimation 

(TDE) methods to calculate 
the time difference. MPP 
and CC are two common 

TDE methods.

• Statistical analysis (SCTM) 
is used to improve the 

accuracy of PD location.
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HFCT as high-precision and non-intrusive sensors to capture the PD signal. However, due to the limitations of 

HFCT in saturation, size, weight, and cost [37], coreless inductive sensors in the form of Rogowski coils are 

preferred due to their ease of construction and maintenance, light design, compact size, low cost, and fast 

response [38]. The RC sensor captures a 100 microseconds length signal window and has a 10 MHz sampling 

frequency that generates 10,000 data samples per window. Measured signals from PD Sensor A and PD Sensor 

B are transmitted to the substation's receiver for PD monitoring and estimation. The substation’s data 

acquisition unit estimates the PD location on the power cable using the double-end PD location algorithm, 

which involves signal de-noising, time delay estimation, and PD location estimation. 

The PD location algorithm's process flow is illustrated in Figure 3. Initially, the PD monitoring system 

imports the measured signal windows from PD sensor A (Window A) and PD sensor B (Window B). To ensure 

the accuracy and reliability of the PD location estimation process, the proposed methodology involves a 

comprehensive approach shown in Figure 3 verifies the presence of the PD signal, selects the most effective 

method for estimating the time delay, and uses the TDoA to estimate the PD location. These steps are critical 

for ensuring the accuracy and reliability of the PD location estimation process. 

 

 

 
 

Figure 2. Diagram of the online PD localization estimation system using double-end PD sensor measuring 

method [39] 

 

 

 
 

Figure 3. Process flow of PD location algorithm 
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The de-noising process is carried out using the DWT Daubechies 3 (db 3) mother wavelet and 

decomposition filter value of 4 to eliminate the effect of DWT de-noising on time delay estimation accuracy. 

The decision to utilize db 3 as a mother wavelet for DWT de-noising is supported by its favorable attributes, 

which include a well-balanced combination of time and frequency localization, as well as a relatively smooth 

and compact support. Additionally, the use of a decomposition filter value of 4 in DWT de-noising enables 

efficient multi-resolution analysis of the signal, resulting in enhanced noise reduction while still preserving 

important signal characteristics. The de-noising process is illustrated in Figure 4, which shows Figure 4(a) a 

signal with -0.764 dB SNR, Figure 4(b) a denoised signal using DWT, and Figure 4(c) an absolute denoised 

signal. The absolute signal is utilized because the negative side of the signal may lead to an inaccurate cross-

correlation coefficient profile. 

 

 

 
  

(a) (b) (c) 

 

Figure 4. DWT de-nosing and absolute process, (a) pre-processing measured PD signals that have been 

corrupted by white gaussian noise (WGN) and discrete sinusoidal interference (DSI), (b) post-processing 

denoised PD signal after DWT noise suppression, and (c) post-processing absolutely denoised PD signal after 

absolute processing 

 

 

The PD location algorithm will verify the presence of the PD signal in the denoised signal. If a PD 

signal is present, the time delay estimation process continues; otherwise, a new Window A and Window B are 

imported. Second, the estimated time delay between high-similarity PD signals from Window A and Window 

B is determined using four different methods, namely MPD, CC, ICC, and ECC. The effectiveness of these 

methods is evaluated to determine the most effective technique for estimating the PD location between two PD 

signals. Finally, TDoA is employed to estimate the PD location based on the estimated time delay. The 

estimated PD location, 𝐿𝑝𝑑 is obtained by applying (1). 

 

𝐿𝑝𝑑 = 𝐿 − 1/2(𝐿 − 𝑣 ∗ 𝑡𝑑) (1) 

 

where 𝐿 is the total cable length, 𝑣 is the velocity of PD signal propagating along the cable, and 𝑡𝑑 is the 

estimated time difference between two PD signals from Window A and Window B. 

The velocity of a PD signal as it travels through an underground cable is influenced by the cable’s 

semiconducting and dielectric screen layers. As shown in (2) [39], [40] defines the propagation velocity of the 

PD signal along the cable 𝑣 as (2). 

 

vf =
vs

√ε
⁄  (2) 

 

where 𝑣𝑠  is propagation velocity in free space (300 m/μs), and 𝜀 is effective relative permittivity of the cable’s 

dielectric and semiconducting screen layers. 

 

2.1.  Noise modeling 

In practical scenarios, PD sensors can be susceptible to two types of interference: WGN and DSI. 

WGN is a stochastic signal characterized by a Gaussian probability distribution and flat power spectral density 

across all frequencies, it is identified by its amplitude which conforms to a normal or Gaussian probability 

density function [41]. WGN is commonly used as a reference signal in signal processing and communication 

systems and can be generated synthetically through the use of a random number generator. Notably, WGN can 

be generated using the ‘awgn’ function in MATLAB. DSI is periodic interference with a specific frequency 
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introduced into a signal by external sources, such as electrical or electromagnetic interference. It is 

characterized by a sinusoidal waveform and can cause distortions or disruptions in the signal, affecting the 

accuracy and reliability of signal processing or communication systems. DSI signals, on the other hand, can be 

generated using the sinusoidal equation presented in (3) [33]. In this case, four different frequencies of DSI 

signals are generated, which are f1 = 600 kHz, f2 = 800 kHz, f3 = 1.5 MHz, and f4 = 5 MHz.  

 

𝐷𝑆𝐼(𝑡)  =  𝐴𝑚𝑎𝑥 ∑ 2𝑁
𝑡=1 𝜋𝑓𝑖𝑡 (3) 

 

where Amax is amplitude of the DSI range from 0.05 to 0.5 mV in intervals of 0.05 mV, and fi is frequencies 

used to generate the DSI signal. 

 

2.2.  MPD method 

In estimating the time delay using the MPD method, the denoised signal obtained from Window A 

and Window B is subjected to an absolute operation to convert the negative portion of the signal to the positive 

side. Subsequently, the MATLAB function “max” is then utilized to determine the maximum point in the time 

series measured signal for both Window A and Window B, denoted as 𝐴𝑚𝑎𝑥,𝐴 and 𝐴𝑚𝑎𝑥,𝐵, respectively. The 

time delay between two identical PD signals, 𝑡𝑑 can be determined using (4). Based on the estimated time 

delay, the approximate location of the PD on the power cable can be calculated using (1). 

 

𝑡𝑑 = 𝑡𝑚𝑎𝑥,𝐴 − 𝑡𝑚𝑎𝑥,𝐵 (4) 

 

where 𝑡𝑚𝑎𝑥,𝐴 is the time at which the measured signal A reaches its maximum point, 𝐴𝑚𝑎𝑥,𝐴 and 𝑡𝑚𝑎𝑥,𝐵 is the 

time at which the measured signal B reaches its maximum point, 𝐴𝑚𝑎𝑥,𝐵. 

 

2.3.  CC method 

The CC method is a widely used signal processing method for determining the similarity of two sets 

of time-domain PD signals, and is often employed in estimating time delay. The general CC function for a 

continuous signal is defined as (5) [42]. 

 

𝑅𝐴𝐵(𝜏) = lim
𝑇→∞

1

𝑇
∫ 𝐴(𝑡 + 𝜏)𝐵(𝑡)𝑑𝑡

𝑇

0
 (5) 

 

where 𝐴(𝑡) and 𝐵(𝑡) are two samples of the signal.  

However, the signal output from measuring devices is often discrete, and the corresponding discrete 

CC equation is defined as (6). 

 

𝑅𝐴𝐵 = ∑ 𝐴[𝑛] × 𝐵[𝑛]𝑛
0  (6) 

 

where 𝐴[𝑛] and 𝐵[𝑛] are two signals from Window A and Window B, 𝑛 is the number of samples in a window, 

and 𝑅𝐴𝐵 is the CC coefficient.  

To estimate the time delay of discrete PD signals from Window A and Window B using the CC 

method, the absolute denoised signals from Window A are multiplied, added, and circularly shifted with the 

denoised signals from Window B until the Window A sample is circularly shifted in a full cycle. Window B 

will remain unshifted because it is selected as the reference for Window A. This process generates a CC 

coefficient profile. The number of CC coefficient profile samples is the same as the number of  

Window A or Window B samples. If the number of samples that produce the maximum point from the CC 

coefficient profile, 𝑛𝑚𝑎𝑥 is less than half of the CC coefficient profile samples, 𝑛, then (7) is used to compute 

the sample delay between PD signals at Window A and PD signals at Window B, 𝑛𝑑. Otherwise, (8) will be 

used to compute 𝑛𝑑. The time delay between the PD signals in Window A and those at Window B, denoted as 

𝑡𝑑, can be calculated using (9). The estimated location of PD on the power cable can be computed  

using (1). 

 

𝑛𝑑 = −𝑛𝑚𝑎𝑥 (7) 

 

𝑛𝑑 = 𝑛 − 𝑛𝑚𝑎𝑥 (8) 

 

𝑡𝑑 = 𝑛𝑑 × 𝑇 (9) 

 

where 𝑇 is the time interval between two samples and 𝑇 = 1
𝑆𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦⁄ . 
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2.4. ICC method 

The ICC method is a novel approach proposed by the authors to enhance the accuracy of time delay 

estimation, and consequently improve the accuracy of PD location estimation. The primary concept of the ICC 

method is to increase the area of the PD signal for the CC process. This method comprises three distinct stages, 

namely peak finding, linear interpolation, and the CC process.  

In the first stage, as depicted in Figure 5(a), the absolute denoised signals from Windows A and B 

undergo a peak finding process. To identify the peaks in the absolute denoised signals, the ‘findpeaks’ function 

of MATLAB is utilized, as shown in Figure 5(b). After the peak finding process, Window A and B will retain 

the peak samples, while the remaining samples will be discarded. Thus, a linear interpolation process is 

required to linearly interpolate the eliminated samples based on the peak samples. 

Figure 5(c) displays the results of the linear interpolation process. During the second stage, the linear 

interpolation process is carried out using the ‘fillmissing’ function in MATLAB. The 'fillmissing' function uses 

linear interpolation to fill in the gaps between the peaks. A linear equation is required between two adjacent 

peak samples A and B, as shown in Figure 6. The linear interpolation equation can be defined as (10), 

 

𝑦 = 𝑚𝑥 + 𝑐 (10) 

 

where 𝑦 is the voltage of the PD signal in the y-axis, 𝑥 is the sample number in the x-axis, 𝑚 is the slope of 

the linear line, and 𝑐 is the value of 𝑦 when the linear line intersects at the origin. 

The linear equation can be easily determined by substituting the coordinate of two adjacent peaks 

A(x1, y1) and B(xn, yn). After the linear equation is determined, the gaps between peaks can be filled by 

substituting the sample’s value, x into (10). The interpolation process is repeated for all of the gaps between 

peaks. 

In the third stage, the CC process is applied to the interpolated signals from Windows A and B, as 

described in subsection 2.2. This stage utilizes the CC function defined in (6) to estimate the time delay between 

the PD signals from Window A and Window B. The estimated location of PD on the power cable can be 

computed using (1). 

 

 

   
(a) (b) (c) 

 

Figure 5. Linear interpolation of peaks process: (a) absolute denoised PD signal as input to linear 

interpolation process, (b) absolute denoised PD signals local peak identification in (c) post-processing linear 

interpolation of absolute denoised pd signal local peak  

 

 

 
 

Figure 6. Linear interpolation of peak samples  
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2.5. ECC method 

The authors also proposed another new approach, the ECC method, comprising two distinct processes: 

the envelope and the CC process. Initially, the absolute denoised signals obtained from Window A and Window 

B are subjected to the envelope process using the ‘envelope’ function available in MATLAB. The envelope of 

a signal is a smooth curve outlining the upper and lower bounds of the signal’s amplitude, as illustrated in 

Figure 7. The envelope process allows for the identification of the peaks in the signals, which are then utilized 

in the subsequent CC process. Figure 7(a) displays the absolute denoised PD signal utilized as input for the 

envelope process. Figure 7(b), on the other hand, presents the result of the post-processing absolute denoised 

PD signal after the envelope process.  

As described in subsection 2.2, the CC process involves calculating the CC coefficient profile by 

multiplying, adding, and circularly shifting the signals from Windows A and B. In the ECC method, the CC 

process is applied to the enveloped signals rather than the raw signals. This allows for the identification of the 

peaks in the signals, which are then utilized in the CC process to increase the accuracy of time delay estimation 

and PD location estimation.  

 

 

  
(a) (b) 

 

Figure 7. Envelope process (a) absolute denoised PD signal as input to envelope process and  

(b) post-processing of absolute denoised PD signal after envelope process 

 

 

3. RESULTS AND DISCUSSION 

In this section, the simulation results for DWT de-noising and percentage error of the PD location 

algorithm using MPD, CC, ICC, or ECC as time delay estimation methods for PD signals at Window A and 

Window B are presented. The most accurate method for PD location estimation is identified by analyzing and 

discussing the results. In subsection 3.1, the impact of DWT de-noising using Daubechies 3 mother wavelet 

and decomposition filter value of 4 is compared. Subsection 3.2 compares the average percentage error of the 

PD location algorithm using different time delay estimation methods. Similarly, subsection 3.3 compares the 

maximum percentage error of the PD location algorithm across the different methods. 

 

3.1. DWT De-noising 

To evaluate the effectiveness of DWT de-nosing technique in suppressing noise, WGN and DSI were 

added into Window A and Window B with signal-to-noise ratios (SNRs) ranging from 10.6 to -7.02 dB. 

Figure 8 depicts signals with varying levels of noise, and it is observed that the PD signal is still visible when 

the noise level is low, as demonstrated in Figure 8(a) and 8(b). However, when the noise level is high, as shown 

in Figure 8(c) to 8(f), the efficacy of the DWT denoising technique becomes significant in suppressing the 

noise. As depicted in Figure 9(a) to 9(d), DWT can effectively suppress noise, whereas in Figure 9(e) to 9(f), 

it is noticeable that DWT's noise suppression performance decreases. Therefore, a reliable time delay 

estimation method is essential in determining the time delay between two PD signals in Window A and 

Window B even if the noise in the PD signal cannot be entirely suppressed. 

 

3.2. Comparison of average percentage error 

The simulation results presented are based on a pre-determined PD location occurring 1.5 km away 

from the front end of the monitored cable. The simulation was conducted on a specific medium-voltage three-

core monitored cable (50 mm2 Cu/XLPE/PVC, 8.7/15 kV) with PD sensors sampling at a frequency of  

100 MHz, a PD signal propagation velocity, 𝑣 of 156.07 m/us as established in [40]. The PD locations 

algorithm that employs MPD, CC, ICC, and ECC as time delay estimation methods, was executed 100 times 
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for SNRs ranging from 10.6 dB to -7.02 dB to generate average PD location samples. The mean of these  

100 samples is shown in Table 2, which indicates the SNR and average PD location obtained using MPD, CC, 

ICC, and ECC algorithms for 10 different noise amplitudes. The amplitude of DSI noise was incrementally 

raised from 0.05 to 0.50 mV in 0.05 mV intervals, while the amplitude of WGN was decreased in intervals of 

-2 dB, ranging from 0 to -18 dB. The SNR was then computed by adding the noise to the PD signals using (11) 

and (12) [43]: 

 

𝑆𝑁𝑅 = (
𝐴𝑠𝑖𝑔𝑛𝑎𝑙

𝐴𝑛𝑜𝑖𝑠𝑒
)2 (11) 

 

where 𝐴𝑠𝑖𝑔𝑛𝑎𝑙 is the amplitude of the PD signal, and 𝐴𝑛𝑜𝑖𝑠𝑒 is the amplitude of the noise. 

 

𝑆𝑁𝑅𝑑𝐵 = 10𝑙𝑜𝑔10(𝑆𝑁𝑅) (12) 

 

 
Window A (SNR 10.6 dB) Window B (SNR 10.6 dB) 

  

(a) (b) 

  
Window A (SNR 0.573 dB) Window B (SNR 0.573 dB) 

  
(c) (d) 

  
Window A (SNR -7.02 dB) Window B (SNR -7.02 dB) 

  
(e) (f) 

 

Figure 8. Varies level of WGN and DSI noises: (a) measured PD signal with 10.6 dB noises from Window A, 

(b) measured PD signal with 10.6 dB noises from Window B, (c) measured PD signal with 0.573 dB noises 

from Window A, (d) measured PD signal with 0.573 dB noises from Window B, (e) measured PD signal with 

-7.02 dB noises from Window A, and (f) measured PD signal with -7.02 dB noises from Window B  
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Window A (SNR 10.6 dB) Window B (SNR 10.6 dB) 

  
(a) (b) 

  
Window A (SNR 0.573 dB) Window B (SNR 0.573 dB) 

  
(c) (d) 

  
Window A (SNR -7.02 dB) Window B (SNR -7.02 dB) 

  
(e) (f) 

 

Figure 9. Denoised signal by using DWT de-noising technique: (a) denoised DWT PD signal with 10.6 dB 

noises from Window A, (b) denoised DWT PD signal with 10.6 dB noise from Window B, (c) denoised 

DWT PD signal with 0.573 dB noise from Window A, (d) denoised DWT PD signal with 0.573 dB noise 

from Window B, (e) denoised DWT PD signal with -7.02 dB noise from Window A, (f) denoised DWT PD 

signal with -7.02 dB noise from Window B  

 

 

Table 2. The average percentage error of PD location using MPD, CC, ICC, and ECC as time delay 

estimation methods, respectively 
Noise (mV) SNR SNR (dB)  CC ECC MPD  ICC 

1.4586 11.5000 10.6000 0.0115 0.2869 0.1189 0.0119 

1.9315 6.5400 8.1600 0.0124 0.3744 0.1055 0.0128 

2.0505 5.8000 7.6400 0.0137 0.4096 0.2456 0.0136 
3.2322 2.3400 3.6800 0.0151 0.5008 0.2581 0.0158 

3.6550 1.8300 2.6200 0.0206 0.5765 0.4375 0.0166 

4.6244 1.1400 0.5730 0.0214 0.7453 0.5360 0.0196 
5.3942 0.8390 -0.7640 0.0209 0.8498 1.6210 0.0209 

6.7383 0.5370 -2.7000 0.7147 13.6056 5.0293 4.3979 

8.5534 0.3340 -4.7700 15.1865 34.0694 14.3452 32.6360 
11.0878 0.1980 -7.0200 54.8256 59.4435 41.9539 64.7926 
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The results in Table 2 demonstrate that the average percentage error of PD location using MPD, CC, 

ICC, and ECC increases as the SNR in the dB unit decreased. This is due to the increased noise in Window A 

and Window B obscuring the PD signals, thereby reducing the accuracy of time delay estimation and increasing 

the percentage error of PD location. As a result, the accuracy of time delay estimation will be reduced, while 

the percentage error of PD location will increase. A reliable time delay estimation method can, therefore, reduce 

the percentage of PD location error. 

To demonstrate the effectiveness of four different time delay estimation methods in reducing the 

percentage error of PD location, a comparison graph was drawn based on Table 2, shown in Figure 10. The 

results in Figure 10 demonstrate that the ECC method has the highest error percentage due to the enveloping 

process used in ECC, reducing the similarity between the PD signals from Window A and Window B and 

leading to inaccurate time delay computation. The MPD method has the second-highest error percentage, as it 

can accurately calculate the time delay between PD signals when the SNR is high and the PD signals retain 

their perfect shape. However, when the SNR decreases to 0.573 dB or lower, the PD shape is attenuated, 

making the MPD method unreliable. In contrast, the CC and ICC methods perform well in the time delay 

estimation process, as evidenced by the average percentage error of PD location remaining under 0.02% even 

as the SNR value decreases up to -0.764 dB. Specifically, the CC and ICC methods show an average percentage 

error reduction of at least 98.65% and 97.54%, respectively, compared to the MPD and ECC methods for the 

SNR equal to -0.764 dB.  

Figure 11 presents a zoomed-in comparison graph of the CC and ICC methods. As shown in 

Figure 10, the CC and ICC methods perform similarly well when the SNR is higher than 0 dB. However, when 

the SNR decreases to -2 dB and below, the average PD location percentage error using the ICC method 

increases slightly more than when using the CC method. Nevertheless, both methods are able to maintain the 

average PD location percentage error below 0.02% when the SNR is -0.764 dB. In conclusion, the results 

indicate that the CC and ICC methods perform well in the time delay estimation process, and can reduce the 

percentage of PD location error. These findings may have practical implications for PD location systems in the 

field of power systems engineering. 

 

 

 
 

Figure 10. Comparison of the average percentage error in PD location estimation methods MPD, CC, ICC, 

and ECC 

 

 

 
 

Figure 11. Comparison of PD location average percentage error by applying CC and ICC time estimation 

methods 
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3.3.  Comparison of maximum percentage error 

The maximum percentage error of PD location is another important criterion to consider when 

evaluating the effectiveness of time delay estimation methods in the PD location algorithm. In this section, the 

effectiveness of the PD location algorithm was evaluated using four different time delay estimation methods, 

namely MPD, CC, ICC, and ECC, under various SNR conditions ranging from 10.6 to -7.02 dB. The algorithm 

was run 100 times to find the maximum percentage error of PD location among the 100 estimated samples. 

Table 3 summarizes the results obtained from this analysis, indicating that the maximum percentage error of 

PD location follows a similar trend to the average percentage error, where both errors increase as the SNR 

decreases in the dB unit. 

A comparison graph was drawn based on the results presented in Table 3, and Figure 12 illustrates the 

effectiveness of the different time delay estimation methods under varying SNR conditions. The ECC method 

was found to be inaccurate for SNR values less than -0.764 dB, while the MPD method was inaccurate for 

SNR values less than -0.573 dB. The zoomed-in graph shown in Figure 13 further reveals that the CC and ICC 

methods have the same maximum percentage error (0.05%) until the SNR reaches 2.62 dB. To further reduce 

the percentage error, a trimmed mean data filtering technique, as described in [35], can be used. However, 

conducting field experiments is necessary to validate the effectiveness of the CC and ICC methods in time 

delay estimation. 

 

 

Table 3. The maximum percentage error of PD location using MPD, CC, ICC, and ECC as time delay 

estimation methods, respectively 
Noise (mV) SNR SNR (dB) CC ECC MPD ICC 

1.4586 11.5000 10.6000 0.0288 1.3164 1.3164 0.0288 
1.9315 6.5400 8.1600 0.0288 1.3944 1.3164 0.0288 

2.0505 5.8000 7.6400 0.0288 1.4725 1.3164 0.0288 

3.2322 2.3400 3.6800 0.0492 1.7846 1.3164 0.0492 

3.6550 1.8300 2.6200 0.0492 1.7456 1.3368 0.0492 

4.6244 1.1400 0.5730 0.0883 2.2528 1.8440 0.0678 

5.3942 0.8390 -0.7640 0.0678 2.6820 59.9021 0.0678 

6.7383 0.5370 -2.7000 58.6145 161.0540 121.0425 142.3256 

8.5534 0.3340 -4.7700 214.7811 197.8865 200.3651 181.0700 
11.0878 0.1980 -7.0200 219.8534 218.7999 255.3017 197.9646 

 

 

 
 

Figure 12. Comparison of PD location maximum percentage error estimation methods using MPD, CC, ICC, 

and ECC 

 

 

 
 

Figure 13. Comparison of PD location average percentage error by applying CC and ICC time estimation 

methods 
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4. CONCLUSION  

In summary, our research compared four different time delay estimation methods (the MPD, CC, ICC, 

and ECC methods). The simulations were used to quantify the performance of the proposed methods. The 

statistical results demonstrate that increasing noise level reduced the accuracy of time delay estimation, 

resulting in higher PD location estimation errors. Furthermore, when PD signals were heavily polluted with 

WGN and DSI, both the CC and ICC methods were more efficient than the MPD and ECC methods, with more 

than 90% average percentage error reduction. Our research provides valuable insights into the performance of 

different time delay estimation methods under varying levels of noise. These findings have important 

implications for applications such as PD location detectors and could inform the development of more accurate 

and efficient methods in the future. While our research sheds light on the performance of the CC and ICC 

methods in time delay estimation, further experimental work is needed to fully evaluate their efficacy. Future 

research could also look into how these methods perform under different operating conditions or with different 

types of signals. 
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