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Abstract  

 Precise fault location is needed in high-voltage transmission lines for reliable operation. 

The classical TWA methods tend to deteriorate estimation accuracy because of the assumption 

that the wave propagation velocity is constant, and need strictly synchronized terminal 

observations. This paper presents a new hybrid time-domain fault location algorithm that 

overcomes this drawback using a distributed-parameter line model combined with an arbitrary 

spatially varying ground-mode velocity profile. The model follows a quadratic fit for the 

frequency-dependent ground-mode velocity attenuation along the line between receivers. In 

addition, an asynchronous expression based on TDOA between air/ground modes is developed to 

estimate and eliminate synchronization inaccuracies between line terminals. We consider a 

method of characteristics, which is modified to solve telegrapher’s equations on piecewise-

uniform segments. Extensive simulations on a 300 km testbed transmission line model verify the 

effectiveness of the proposed approach. The performance results show that our solution provides 

a noticeable accuracy improvement, as errors below 0.06% are obtained even for far-away faults 

and in the presence of synchronization time offsets as large as      , outperforming classical 

constant-velocity models. 

Keywords :Fault location, Distributed parameter model, Spatially variable velocity, 

Asynchronous measurements, Method of characteristics. 

1. Introduction 

 The reliability of High Voltage (HV) and Extra High Voltage (EHV) transmission 

systems is of great importance in modern power grids. Transmission lines span long distances 

and are exposed to harsh environmental conditions, making them more susceptible to various 

types of faults. Therefore, fast and accurate fault location is essential to reduce  the outage 

duration, improve system reliability indices (e.g., SAIDI and SAIFI), and restore power quickly 

[1][2][3][4][5][6]. 
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Fault location methods are generally classified into two main categories: impedance-

based methods and traveling-wave-based methods. Impedance-based techniques use fundamental 

frequency measurements of voltage and current to estimate the fault distance and are widely 

implemented in numerical relays due to their simplicity [7]. However, their performance is 

significantly affected by factors such as high fault resistance, variations in source impedance, 

and pre-fault loading conditions [8]. 

On the other hand, traveling-wave-based methods utilize high-frequency transients 

generated during faults. These methods rely on the Time Difference of Arrival (TDOA) of 

wavefronts detected at line terminals. Due to their independence from system parameters and 

high fault-location accuracy, traveling-wave techniques are particularly suitable for long 

HV/EHV transmission lines [9][10]. Furthermore, advanced signal processing tools, such as 

wavelet transforms, have enhanced the detection of these transient signals [11][12]. 

Despite their advantages, classical traveling-wave methods face practical challenges. 

Most existing algorithms assume a distributed-parameter model with a constant wave 

propagation velocity. For example, Gopalakrishnan et al. [2] proposed a time-domain solution 

using the Method of Characteristics, which improved accuracy compared to lumped-parameter 

models [5][13]. However, this approach assumes constant line parameters (L, C) along the 

transmission line. 

Recent studies have shown that this assumption is not valid for the ground-mode 

traveling wave. Liang et al. [3] demonstrated that the ground-mode velocity varies spatially due 

to frequency-dependent soil resistivity and ground return path characteristics. Neglecting this 

variation can introduce significant errors, especially for faults located near the far end of long 

transmission lines [14]. 

In addition, accurate fault location typically requires precise time synchronization 

between measurement units at both terminals, usually achieved using the Global Positioning 

System (GPS) signals [4]. However, synchronization failures or signal loss can degrade 

performance. To address this issue, several asynchronous fault location methods have been 

proposed using unsynchronized two-terminal data [15][16] or single-ended measurements 

[17][18]. Nevertheless, these approaches often compromise accuracy compared to methods based 

on distributed-parameter models. 

Recently, data-driven approaches have also been explored for fault location. For instance, 

Zhang et al. [19] proposed a hybrid deep learning model based on CNN and LSTM for feature 

extraction, achieving high accuracy but requiring large training datasets. Similarly, Akdağ et al. 

[20] improved transient spectrum analysis to account for varying source impedance. However, 

recent evaluations indicate that traveling-wave techniques still outperform data-driven 
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approaches for long transmission lines due to their robustness against system loading variations 

[21]. 

Despite these advancements, several challenges remain unresolved. Existing methods 

often neglect the frequency-dependent effects of soil resistivity and continue to assume a 

constant ground-mode velocity. This simplification leads to systematic errors that have not been 

adequately addressed in either classical or AI-based approaches [22][23]. 

Therefore, this paper proposes a hybrid time-domain fault location algorithm to overcome 

these limitations. The proposed method combines a distributed-parameter model based on the 

Method of Characteristics with a spatially varying ground-mode velocity profile [3]. In addition, 

asynchronous TDOA formulations are incorporated to eliminate the need for strict time 

synchronization between terminals [15]. This hybrid approach achieves high accuracy in fault 

location without relying on GPS-based synchronization. 

2. Materials and Methods 

2.1. Line Modeling  

The transmission line is modeled using the distributed-parameter telegrapher’s equations 

in the time domain, which describe the propagation of voltage  ( (   )) and current ( (   )) 

along the line.  The overall system configuration, illustrating the distributed nature of the line 

segments and the fault location relative to the terminals, is depicted in Fig.  1.After modal 

decomposition, the system is decoupled into three modes: the ground-mode ((   ))  and 

aerial-modes ((     )). For each mode, the line is governed by: 

 

Fig. 1. Schematic diagram of the transmission line system with distributed 

parameters and variable ground-mode velocity. 
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where (  (   ))     (  (   )) represent the modal voltage and current, (      

    ) is the series impedance per unit length, and (       ) is the shunt admittance per unit 

length [1][13]. 

By eliminating (  ), we obtain the second-order wave equation: 

    
   

       (   )  

This describes the propagation of voltage with a modal propagation constant (   

       √    ), and the corresponding phase velocity is: 

   
 

  
  

In the classical long-line model, the parameters (  ) , (  )    (  )  are assumed 

constant, leading to a constant (  ) and velocity (  ). The method of characteristics is applied 

to solve this first-order system by introducing the traveling-wave variables: 

  
 (   )    (   )        (   )    

 (   )    (   )        (   )  

where (     √     )  is the modal surge impedance. In the lossless case, these 

variables satisfy: 

   
 

  
   

   
 

  
    

   
 

  
   

   
 

  
    

where the characteristics are straight lines given by (      const) and (      

const). 

In our proposed segment-wise formulation, the ground-mode velocity is allowed to vary 

with position. The line is divided into segments (   [       ]), where within each segment, we 

approximate the ground-mode velocity (  ( )) as constant, evaluated from the quadratic model 

at the segment center: 

  ( )              
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The characteristic equations for the ground mode within each segment become: 

   
 

  
     

   
 

  
    

   
 

  
     

   
 

  
    

which preserves the straight-line characteristics locally with different slopes for different 

segments. 

For numerical discretization, a fixed time step (  ) is used. The spatial step (   ) in each 

segment is chosen as: 

            

ensuring the discrete characteristic grid is defined by: 

                         

The update formulas for (  )  and (  ) at the node ((         ))  are derived from 

trapezoidal integration of the characteristic equations, analogous to the constant-velocity case, 

but with locally variable(   )   (    ) values[5]. This ensures that the distributed-parameter 

model remains accurate despite the spatial variation of the effective ground-mode velocity 

[3][14]. 

2.2. Velocity Modeling 

Let ((        )   
 
)  denote the set of measured distances and corresponding ground-

mode velocities obtained from electromagnetic transient simulations and wavelet-based arrival-

time detection. The ground-mode velocity is modeled as a quadratic function[3]: 

  ( )    
        

where (A), (B), and (C) are the coefficients to be determined by fitting the data. The 

fitting process minimizes the least-squares error: 

 (     )  ∑[     (   
       )]

 
 

   

  

The coefficients are found by solving the normal equations: 

          

where ( ) is the matrix of input data, (  [     ] ) is the vector of coefficients, and( ) 

is the vector of measured velocities. The least-squares estimate of the coefficients is given by: 
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  (   )       

The quality of the fit is assessed using the coefficient of determination (  ): 

     
∑ [       (  )]

  
   

∑ [      ‾ ]
  

   

  

where(  ̅̅ ̅) is the mean of the measured velocities. High(  ) values reported for similar 

lines support the use of a quadratic model for (  ( )) over long        overhead lines [3][6]. 

2.3. TDOA Formulation  

In the online stage, the fault location (  ) is estimated using time differences of arrival 

(TDOA) of the ground-mode and aerial-mode traveling waves at both terminals[9]. The 

propagation paths of these waves along the characteristic lines, and their respective arrival times 

at the terminals, are visualized in the lattice diagram shown in Fig. 2. 

 

 

Fig. 2. Lattice diagram illustrating the propagation of traveling waves from 

the fault point to the line terminals. 
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Let (  ) represent the fault distance from the left terminal, and (l) be the total line length. 

The arrival times (    ) (    ) (    ), and (    ) for the aerial-mode and ground-mode waves at 

both terminals are given by: 

        
  
  
          ∫

  

  ( )

  

 

  

           
    
  
             ∫

  

  ( )

 

  

  

where (  ) is the fault inception time and (  ) is the constant time offset between the left 

and right terminal clocks [4][15]. 

The measurable time differences at each terminal are defined as: 

                              

Subtracting the above equations eliminates (  )  and (  ) , yielding the following 

nonlinear equations for the fault location (  ):[16] 

    ∫
  

  ( )

  

 

 
  
  
  

    ∫
  

  ( )

 

  

 
    
  
  

These equations are solved using a numerical grid search over (  ) to find the location 

that minimizes the mismatch between the left and right terminal. This estimated fault location is 

then used as the initial conditions for the distributed-parameter time-domain solver described in 

Section 2.1 [1, 2]. 

 Algorithm 1: Proposed Hybrid Time-Domain Fault Location Scheme 

Input: 

 Terminal Measurements: The sampled voltage and current signals from 

Terminal M (  ( )   ( )) and Terminal N (  ( )   ( )). 

 Line Parameters: The total length  , distributed impedance matrix  , and 

admittance matrix  . 
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 Velocity Model: The coefficients       for the quadratic ground-mode 

velocity model   ( )    
      . 

 Sampling Interval:   . 

Output: 

 Estimated Fault Location: The distance from Terminal M,      (km). 

Procedure: 

Stage 1: Signal Pre-processing and Modal Transformation 

1. Apply the Clarke transformation to the three-phase voltage and current 

signals from both terminals to decouple them into mutually independent 

modal components: 

o Ground mode (mode-0):    ( )    ( )    ( )    ( ) 

o Aerial mode (mode-1):    ( )    ( )    ( )    ( ) 

2. Process the ground-mode voltage signals using a wavelet transform to detect 

the first significant wavefront arrival time at each terminal: 

o     : Arrival time at Terminal M. 

o     : Arrival time at Terminal N. 

3. Similarly, process the aerial-mode voltage signals to detect the corresponding 

wavefront arrival times: 

o     : Arrival time at Terminal M. 

o     : Arrival time at Terminal N. 

Stage 2: Initial Estimation and Asynchronous Compensation 

4. Compute the local time difference of arrival (TDOA) between modes at each 

terminal (independent of inter-terminal synchronization): 

                             

5. Solve the nonlinear velocity-dependent equations to find the initial coarse fault 

location      : 
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         (
 

  
 
 

  
)       (       ) (

 

  
 
 

  
) 

6. Calculate the synchronization offset        by comparing the absolute arrival 

times of the aerial mode (speed    assumed constant) at both terminals, using 

the calculated      : 

       (         )  (
      (       )

  
) 

Stage 3: High-Resolution Modeling (Method of Characteristics) 

7. Synchronize Data: Shift the time-series measurements of Terminal N by the 

calculated offset        to align with Terminal M. 

8. Discretize the line into   segments. For each segment   at distance   : 

o Update the ground mode velocity:   (  )     
       . 

o Set the spatial  step:       (  )    . 

9. Compute the voltage profiles (  (   )   (   )) along the line using the 

modified characteristic equations and the synchronized boundary conditions. 

Stage 4: Fault Location Estimation via Profile Matching 

10. Identify the fault location      by minimizing the mismatch between the 

forward and backward voltage profiles: 

           
 
∑|  (   )    (   )|

 

   

 

11. Return     . 
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Fig. 3. Proposed hybrid time-domain fault location scheme. 

3. Results and Discussion 

3.1. Simulation Setup and Velocity Profiling 

 The hybrid fault location technique was tested on a        EHV line 

model,  simulated to account for the frequency-dependent characteristics of actual 

conductors. To test the robustness of this approach under practical wide area wide 

area conditions a static synchronization  error of 50 μs was added to the terminal 

measurements to simulate GPS clock outage or communication asymmetry. The 

first step of the algorithm describes  Comment [H32]: 
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ground mode velocity 

modeling as presented in Section 2.2. As illustrated in Fig. 3,  the measured 

velocity data (red dots) show a non-linear decay with respect to the  line length. 

The quadratic model (blue dashed line)  fits well (       ) , conveniently 

capturing the distributed character of line parameters. This confirms the 

assumption that a constant velocity, used in classical techniques, is not adequate 

for long lines. 

 

Fig. 4. Ground-mode traveling wave velocity profile: comparison between true physical 

velocity, measured training samples, and the proposed quadratic fit model. 

3.2. Fault Location Accuracy 

 The performance of the proposed online solver (Section 2.3) was evaluated 

using a set of ten different fault realizations (near end: 30km, remote end: 270km). 

Table I contains the numerical values. 
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The algorithm was highly accurate for the entire length of the line. The 

largest absolute difference is just over     (       )when the distance is at 

        , much less than the  industry standard accuracy of     . As observed 

in the error distribution analysis of Fig. 4, the present scheme satisfies numerical 

stability up to the end of line (270 km) with an error as  small as        . It is 

this accuracy stemming from segment-wise integration of the distributed parameter 

model reflects  adaptive  adjustment of the spatial step     according to local 

velocity profile. 

 

Fig. 5. Evaluation of the error percentage of the for faults at various locations along the 300 

km line. The red dashed line indicates the maximum acceptable error margin (    ).  The 

results presented in Table I are based on conventional traveling-wave fault location 

techniques described in [9][16]. 
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Table I Comparison of Fault Location Accuracy Under Asynchronous Conditions 

Actual Location (km) Estimated Location (km) Proposed Method Error (%) Classical 

Method Error 

(%) 

30.00 30.0530 0.0177 6.37 

56.67 56.7109 0.0148 6.55 

83.33 83.4243 0.0303 7.10 

110.00 110.1175 0.0392 6.85 

136.67 136.7943 0.0425 8.25 

163.33 163.5052 0.0573 8.55 

190.00 190.1360 0.0453 8.38 

216.67 216.7860 0.0398 8.79 

243.33 243.4379 0.0349 9.24 

270.00 270.0219 0.0073 9.80 

3.3. Comparative Analysis 

Fig. 5 presents a comparative analysis between the proposed hybrid method and the 

classical   traveling wave method. The classical approach (indicated in red) suffers from two 

major sources of error: 

1. Velocity Mismatch: The assumption of a constant velocity leads to a cumulative error that 

increases with fault distance ( as the trend rises from from       to      ). 

2. Synchronization Sensitivity: The time offset causes a significant baseline error. 

 By comparison, the proposed method (shown in blue) effectively separates the fault 

location estimation from these uncertainties very well. Using TDoA between the airborne and 

surface modes at the same terminal to estimate the time offset, it compensates for the error 

caused by synchronization error within the distributed-parameter model. The obtained results 

indicate that the hybrid scheme is relatively insensitive to measurement delays and constitutes a 

viable solution for present-day wide-area protection systems. 
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Fig. 6. Performance comparison: the proposed hybrid method (blue) vs. the classical 

constant-velocity method (red) under asynchronous measurement conditions. 

3.3. Robustness Against Measurement Noise 

 In the actual field measurement, the measured voltage and current signals are necessarily 

affected by noise derived from instrument transformers, electromagnetic interference as well as 

analog-to-digital conversion. In order to demonstrate the robustness of the hybrid algorithm 

under uncertainties such as these, it was stress tested by overlaying the fault transients modeled 

with AWGN. 

Two levels of noise were considered: 30 dB signal to noise ratio (SNR) (which simulates 

typical measurement noise) and 20 dB SNR (high-noise scenario). The fault location error was 

estimated over the entire line span. Fig. 6 shows a comparison of estimated and actual 

fault locations in the presence of this noise. The zoomed inset shows field almost equal even at 

mid-line critical sections. 
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Fig. 7. Robustness of the proposed fault location algorithm under varying noise levels (SNR 

= 20dB and 30dB). 

 As shown in Table II, this algorithm  demonstrates strong robustness. Even in the high 

noise environment (SNR = 20 dB), the maximum estimation error is less than 0.2%, and the 

average  error is about 0.1% (about 300 meters). This stability is due to the continuous nature of  

the method of characteristics, which inherently smooths out  Comment [H67]: high-frequency 

random noise components. 

Table II: Fault Location Accuracy Under Noise Conditions 

True Location (km) Estimated (30dB) Error 30dB (%) Estimated (20dB) Error 20dB (%) 

48.48 48.48 km 0.0017% 48.21 km 0.0902% 

151.52 151.55 km 0.0125% 151.07 km 0.1471% 

251.52 251.59 km 0.0241% 251.08 km 0.1444% 

300.00 299.83 km 0.0571% 300.22 km 0.0735% 

3.4. Computational Complexity Analysis 

It is recognized that the grid-search used in the online  TDOA based method results in a 

higher computational load  relative to closed-form impedance methods. Table III compares the 

computational efficiency. 
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Table III: Computational Complexity & Performance Trade-off 

Method Avg Execution 

Time 

Accuracy (Remote 

Faults) 

Hardware Requirement 

Impedance (Classical) < 5 ms Low (>2%) Low (Relay) 

Traveling Wave 

(Classical) 

~15 ms Medium (~1%) Medium (DSP) 

Proposed Hybrid 

Method 

45 - 60 ms High (<0.1%) Standard PC/Industrial 

PC 

 Although the execution time is about 60 ms, this delay is not significant for post-mortem 

analysis and maintenance dispatching, where the focus is on location accuracy— which can save 

hours of patrol time—rather than millisecond-level protection speed. Therefore, the balance 

between minor computational expense and the obtained sub-kilometer precision is acceptable 

for today's grid operations. 

4. Conclusions 

 In this paper, a hybrid time-domain fault location method has been presented to overcome 

the limitations of conventional traveling-wave techniques in long HV/EHV transmission lines. 

The proposed approach integrates a distributed-parameter model based on the Method of 

Characteristics with a spatially varying ground-mode velocity profile, providing a more realistic 

representation of wave propagation compared to classical constant-velocity models. 

The simulation results demonstrate that incorporating the variable ground-mode velocity 

significantly  reduces estimation error, particularly for faults located near the remote end of the 

transmission line. The proposed method achieves high accuracy, with an error of less than 

0.06%, even under asynchronous measurement conditions. 

Furthermore, the use of TDOA between  the aerial and ground modes allows the method 

to compensate for synchronization errors without relying on GPS signals. This feature enhances 

the robustness and practical applicability of the approach in real-world power systems where 

synchronization issues may occur. 

Overall, the results confirm that the proposed hybrid method provides a reliable and 

accurate solution for fault location in modern transmission networks. Future work will focus on 

extending the method to multi-terminal systems and validating its performance using real world 

field data. 
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تحديد موقع الأعطال الهجين في المجال الزمني لخطوط النقل الطويلة مع مراعاة سرعة الموجة  
 الأرضية المتغيرة والقياسات غير المتزامنة
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  ةصلاخلا
يُعج التحجيج الجقيق لمهاقع الأعظال في خظهط نقل الظاقة عالية الجهج أمخاً حاسماً لمهثهقية الذبكة الكهخبائية. غالباً 

الحاجة الماسة لتدامن ما تعاني طخق المهجات المدافخة التقميجية من تخاجع في الجقة نتيجة لفخضية ثبات سخعة انتذار المهجة و 
القياسات بين طخفي الخط. تقتخح هحه الهرقة خهارزمية هجينة لتحجيج مهقع الأعظال في المجال الدمني تعالج هحه المحجدات 
من خلال دمج نمهذج دقيق لمخط المهزع مع ممف تعخيف لدخعة المهجة الأرضية المتغيخة مكانياً. تدتخجم المنهجية دالة 

تههين سخعة النمط الأرضي المعتمج عمى التخدد عمى طهل الخط. علاوة عمى ذلك، تم تقجيم صياغة غيخ تخبيعية لنمحجة 
( بين النمظين الههائي والأرضي لتقجيخ وتعهيض أخظاء التدامن بين محظات TDOAمتدامنة تعتمج عمى فخق زمن الهصهل )

معادلات التيميغخاف عبخ مقاطع متجاندة جدئياً. أثبتت  القياس الظخفية. تدتخجم الخهارزمية طخيقة الخرائص المعجلة لحل
كم متانة الظخيقة المقتخحة؛ حيث أعهخت النتائج تحدناً ممحهعاً في الجقة،  033نتائج المحاكاة المكثفة لنمهذج خط نقل بظهل 

ميكخو  03رل إلى % حتى للأعظال البعيجة وفي عل وجهد انحخافات زمنية في التدامن ت3.30محققةً ندبة خظأ تقل عن 
 ثانية، مما يجعمها تتفهق بهضهح عمى الظخق الكلاسيكية ثابتة الدخعة.

 تحجيج مهقع الأعظال، نمهذج الخط المهزع، سخعة متغيخة مكانياً، قياسات غيخ متدامنة، طخيقة الخرائص. :ةلادالكلمات ال
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