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Abstract—A prompt and accurate transmission line fault 

location is of great interest to transmission system operators 

(TSOs) as it can accelerate the service restoration, thus reducing 

outage time and improving service quality. Various transmission 

lines fault algorithms have been proposed in the past, the 

impedance-based fault location algorithms being mostly used. This 

paper is intended to analyze and compare the sensitivity of a 

single-ended algorithm and a two-ended algorithm, as regards 

different error sources influencing the algorithms’ performance. 

Both algorithms were implemented in MATLAB. By using EMTP-

RV simulations, analysis of the algorithms’ sensitivity to: fault 

resistance, power flow, voltage and current measuring errors, 

zero-sequence impedance errors and sync errors, is performed 

(sync errors do not apply for the single-ended algorithm). Results 

show that the two-ended algorithm is much less sensitive to those 

sources of errors than the single-ended algorithm, thus being the 

most suitable for general purpose application in transmission lines 

fault location. Results obtained with the single-ended algorithm 

show that it is hugely affected by fault resistance and transmission 

line zero sequence resistance error. Fault resistance is the factor 

that most affects the two-ended algorithm for phase-to-ground 

faults. 

 
Index Terms—Fault location, transmission lines, 

impedance-based algorithm, single-ended algorithm, two-ended 

algorithm 

 

I. INTRODUCTION 

VER years, transmission system operators (TSOs) have 

been pushed towards a continuous improvement of service 

quality. Hence, accurate transmission line fault location is of 

great interest as it can accelerate the service restoration, thus 

reducing outage time and improving system reliability. 

Many fault location algorithms have been proposed. These 

are commonly classified into four distinct categories. (1) 

impedance-based [1]-[8], (2) travelling waves [9], [10], (3) high 

frequency [11], and (4) knowledge-based [12], [13]. 
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Impedance-based algorithms are mostly used. They assume 

that the impedance of a faulted line segment is directly related 

to fault distance. This category of algorithms can be divided 

into two main groups: single-ended and two-ended. 

The single-ended algorithms make use of voltage and 

current phasor measurements of only one terminal of the faulted 

line. The simplest method of this type of algorithms is the 

simple reactance algorithm [1] which assumes that the fault 

distance is given by the ratio between the apparent reactance, 

determined using the phasor measurements, and the line´s 

reactance, neglecting the fault current. Tagaki et al. [2] 

proposed a similar method that considers the fault current, 

however it may be adversely affected by fault resistance. A 

technique for compensating such effects is described in [3], 

however more complex also. Since all these methods neglect 

transversal admittance, in [4] a single-ended method which 

considers the transversal susceptance is presented. 

The two-ended algorithms, as the name suggests, use the 

two terminals’ voltage and current measurements. In [5], a two-

ended algorithm utilizing synchronized measurements is 

presented. An iterative method, which does not require 

synchronized measurements, is described in [6]. In [7] and [8] 

non-iterative algorithms adopting unsynchronized two terminal 

data are presented. While the first requires a synchronization 

process, the second does not. This limits the first to processing 

the data offline, while the second, allows location fault being 

done almost in real time. Moreover, the second algorithm shows 

little sensitivity to couplings, fault resistance and to the lack of 

network homogeneity. 

Algorithms based on traveling waves [9], [10] utilize 

propagation and reflection wave theory. When a fault occurs, 

voltage and current waves propagate from fault’s point to line 

terminals. Given the wave velocity, by measuring the travelling 

time, it is possible to determine the fault location. These 

algorithms are quite accurate, but they are complex and 

expensive, as they require a high sampling frequency. 

High frequency algorithms [11] detect and use high 

frequency voltage and current components, generated by the 

fault, to determine the fault location. They are also complex and 

expensive as they need specialized filters to measure the high 

frequency components, whereby they are not frequently used. 

Knowledge-based algorithms are more recent developed to 

overcome inaccuracies that affect previous methods. Neural 

network [12] and fuzzy-logic based [13] are examples of this 

type of algorithms. 
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In this paper, two impedance-based algorithms are 

considered: a single-ended algorithm [2] (see also [14]) and a 

two-ended algorithm [15], outlined in Section II. They were 

implemented in MATLAB. Using EMTP-RV, faults of 

different types were simulated to evaluate the algorithm’s 

sensitivity to several factors. The used methodology is 

described in section III. Results are presented in section IV. 

Finally, conclusion is in section V. 

II. FAULT LOCATION ALGORITHMS 

The two implemented impedance-based fault location 

algorithms make use of voltage and current measurements and 

their working principle is based on sequence networks. The 

transmission line is represented by its per unit length 

longitudinal positive sequence impedance 𝑍̅𝑙1
. Thévenin 

equivalents of networks upstream from line terminals, S and R, 

are included. Each one of them is represented by a voltage 

source, 𝑈𝑆 and 𝑈𝑅, respectively, and an equivalent network 

positive sequence impedance, 𝑍̅𝑆1
 and 𝑍̅𝑅1

, respectively. The 

distance to fault, 𝑑, seen from terminal S, is to be evaluated by 

the algorithms. 

 
Figure 1 – Single-ended algorithm equivalent circuit. 

A. Single-ended algorithm 

The Tagaki et al. algorithm [2] was implemented (see also 

[14]). This algorithm uses loop voltages 𝑉̅𝑆𝑙
 and current 𝐼𝑆̅𝑙

 

computed from measurements at one terminal of the faulted 

line. The algorithm uses two sets of loop voltages and currents, 

depending on the fault type. For faults involving the ground, the 

loop quantities are: 

 𝑉̅𝑆 = 𝑉̅𝑆𝑙
= 𝑉̅𝑆𝑝ℎ−𝑛

 (1) 

 𝐼𝑆̅ = 𝐼𝑆̅𝑙
= 𝐼𝑆̅𝑝ℎ

− 𝑘̅0𝐼𝑛̅ (2) 

where 𝑉̅𝑆𝑝ℎ−𝑛
 is the phase to neutral voltage, 𝐼𝑆̅𝑝ℎ

 the phase 

current and 𝐼𝑛̅ the neutral current. Factor 𝑘̅0 is the zero sequence 

compensation factor given by: 

 𝑘̅0 =
1

3
(

𝑍̅𝑙0

𝑍̅𝑙1

− 1) (3) 

For the other faults, the loop quantities are 

 𝑉̅𝑆𝑙
= 𝑉̅𝑆𝑝ℎ𝑘−𝑝ℎ𝑦

 (4) 

 𝐼𝑆̅𝑙
= 𝐼𝑆̅𝑝ℎ𝑘

− 𝐼𝑆̅𝑝ℎ𝑦
 (5) 

where 𝑉̅𝑆𝑝ℎ𝑘−𝑝ℎ𝑦
 is the phase to phase voltage, 𝐼𝑆̅𝑝ℎ𝑘

 and 

𝐼𝑆̅𝑝ℎ𝑦
being the corresponding phase currents. 

Analyzing Figure 1 and according to Kirchhoff laws: 

 𝑉̅𝑆 = 𝑑𝑍̅𝑙1
𝐼𝑆̅ + 𝑅𝐹𝐼𝐹̅ (6) 

 𝐼𝐹̅ = 𝐼𝑆̅ + 𝐼𝑅̅ (7) 

Both current 𝐼𝑅̅ and 𝐼𝐹̅  are unknown, thus making it 

impossible to determine the fault distance, 𝑑, from (6). 

One way to overcome this problem is to assume that the 

fault current 𝐼𝐹̅ is proportional to the current variation at point 

S when the fault occurs: 

 𝐼𝑆̅ − 𝐼𝑆̅0 ≡  ∆𝐼𝑆̅ =  𝑘𝑑𝐼𝐹̅ (8) 

where 𝐼𝑆̅0 is the pre-fault current at point S and 𝑘𝑑 is the 

distribution factor, given by (9), obtained by the Superposition 

Theorem, considering the contributions of both line-ends to the 

fault current. 

 𝑘𝑑 =
𝑍̅𝑅1

+ (1 − d) 𝑍̅𝑙1

𝑍̅𝑅1
+ 𝑍̅𝑆1

+ 𝑍̅𝑙1

 (9) 

For low values of 𝑅𝐹, the pre-fault current being negligible 

as compared to the fault current, it was demonstrated in [2] that 

𝑘𝑑 is approximately equal to 1. For higher values of 𝑅𝐹, the 

computed distance becomes insensitive to the value of 𝑘𝑑 , and 

it can be also assumed equal to 1. Therefore, by replacing (8) in 

(6): 

 𝑉̅𝑆 = 𝑑𝑍̅𝑙1
𝐼𝑆̅ + 𝑅𝐹(𝐼𝑆̅ − 𝐼𝑆̅0 ) (10) 

Equation (10) involving complex quantities, it can be 

separated into its real and imaginary parts, thus obtaining a 

system of two linear equations, allowing to compute the two 

unknown variables, 𝑑 and 𝑅𝐹: 

{
𝑅𝑒𝑎𝑙{𝑉̅𝑆} = 𝑑 × 𝑅𝑒𝑎𝑙{𝑍̅𝑙1

𝐼𝑆̅} + 𝑅𝐹 × 𝑅𝑒𝑎𝑙{(𝐼𝑆̅ − 𝐼𝑆̅0 )}

𝐼𝑚𝑎𝑔{𝑉̅𝑆} = 𝑑 × 𝐼𝑚𝑎𝑔{𝑍̅𝑙1
𝐼𝑆̅} + 𝑅𝐹 × 𝐼𝑚𝑎𝑔{(𝐼𝑆̅ − 𝐼𝑆̅0 )}

 (11) 

 

B. Two-ended algorithm 

The implemented algorithm is a simplified version of the 

phasor-based approach of fault location with use of two-end 

synchronised measurements [15] (transmission lines were 

represented by the longitudinal impedance). This algorithm 

uses positive sequence voltages and currents at both terminals 

of the faulted line. Figure 1 is also applicable, all voltages and 

currents being the positive sequence components of the 

corresponding measured quantities: 

 𝑉̅𝑆 = 𝑉̅𝑆1
, 𝐼𝑆̅ = 𝐼𝑆̅1

 (12) 

 𝑉̅𝑅 = 𝑉̅𝑅1
, 𝐼𝑅̅ = 𝐼𝑅̅1

 (13) 

The resistive branch 𝑅𝐹 is now replaced by the positive 

sequence fault voltage 𝑉̅𝐹1
, this depending on the fault type. 

From Figure 1 and according to Kirchhoff law: 

 𝑉̅𝑆 = 𝑑𝑍̅𝑙1
𝐼𝑆̅ + 𝑉̅𝐹1

 (14) 

 𝑉̅𝑅 = (1 − 𝑑)𝑍̅𝑙1
𝐼𝑅̅ + 𝑉̅𝐹1

 (15) 



From (6) and (14), one can obtain two equations for 𝑉̅𝐹: 

 𝑉̅𝐹 =  𝑉̅𝑆 − 𝑑𝑍̅𝑙1
𝐼𝑆̅ (16) 

 𝑉̅𝐹 =  𝑉̅𝑅 − (1 − 𝑑)𝑍̅𝑙1
𝐼𝑅̅ (17) 

Finally, from (16) and (17), the fault distance 𝑑 is given by: 

 𝑑 =
𝑉̅𝑆 − 𝑉̅𝑅 + 𝑍̅𝑙1

𝐼𝑅̅   

𝑍̅𝑙1
(𝐼𝑆̅ + 𝐼𝑅̅)

 (18) 

III. METHODOLOGY FOR THE SENSITIVITY ANALYSIS 

To test both algorithms and their sensitivity to several 

factors, the test network, represented in Figure 2, was 

configured in EMTP-RV. Various types of faults were forced 

in two different transmission lines: TL 1-2 connecting 

Substation 1 to Substation 2, and TL 2-3, connecting 

Substation 2 to Substation 3. The simulated faults are: single 

phase-to-ground, phase-to-phase, double phase-to-ground, and 

three-phase faults. Faults were simulated at different given 

distance from the line ends. For faults involving the ground, six 

different ground fault resistances were considered: 0 Ω, 10 Ω, 

20 Ω, 30 Ω, 40 Ω, and 50 Ω. For all simulations, five different 

pre-fault scenarios were also considered, by means of changing 

the angle between the Thévenin voltage sources: -10 º, -5 º, 0 º, 

5 º and 10 º. Table 1 shows the corresponding active power 

values. 

Table 1 – Pre-fault scenarios 

Angle between 

Thévenin voltage 

sources 

Active power [MW] 

TL 1-2 TL 2-3 

-10 º 163.89 8.47 

-5 º 95.84 5.10 

0 º 21.84 1.05 

5 º -56.92 -3.57 

10 º -139.18 -8.62 

Because errors related to voltage and current measurements, 

zero sequence impedance and synchronization may also affect 

the algorithms performance, with respect to estimated distance, 

these factors were also considered. Regarding current 

measurements errors, amplitude (|𝐼|̅) errors of -5, -3, -1, 0, 1, 3, 

and 5 % were considered, according to [16]. Regarding voltage 

measurements errors, amplitude (|𝑉̅|) and angle (∡𝑉̅) errors of: 

{-3; -2; -1; 0; 1; 2; 3} %, and {-2; -1.2; -0.4; 0; 0.4; 1.2; 2} º 

were respectively considered, according to [17]. For zero 

sequence impedance errors, zero sequence resistance (𝑅ℎ) and 

reactance (𝑋ℎ) of {0.9004; 1; 1.1503; 1.4002; 1.6501; 1.9} pu 

and {0.9462; 0.9925; 1; 1.0388; 1.0851} pu, respectively, were 

considered, according to [18]. Regarding sync errors, 

{-2; -1.2; -0.4; 0; 0.4; 1.2; 2} ms of phase shift between the 

measurements of line-terminals S and R were considered. Sync 

errors do not apply for the single-ended algorithm. 

Results were obtained by applying the simulations in the 

two implemented algorithms, and algorithms sensitivity 

analysis to: fault resistance, power flow, voltage and current 

measuring errors, zero-sequence impedance errors and sync 

errors, was performed.  

For each type of fault and algorithm, the estimated distance 

error was computed: 

 𝜀 (%) =
𝑑𝑎𝑙𝑔𝑜𝑟𝑖𝑡ℎ𝑚 − 𝑑𝑟𝑒𝑎𝑙

𝑑𝑟𝑒𝑎𝑙

× 100  (19) 

where 𝑑𝑎𝑙𝑔𝑜𝑟𝑖𝑡ℎ𝑚 is the fault distance estimated by the algorithm 

and 𝑑𝑟𝑒𝑎𝑙  is the simulated fault distance. Knowing this, the 

largest error observed, regarding only each factor, is the 

maximum of ∆𝜀 observed, where ∆𝜀 is given by: 

 ∆𝜀(%) = |𝜀 (%) − 𝜀0 (%)|  (20) 

where 𝜀0 is the 𝑒𝑟𝑟𝑜𝑟 obtained for 0 % error of each factor 

considered. For the resistance and power flow, 𝜀0 corresponds 

to the results obtained with 0 Ω and 0 º, respectively. 

 

 

Figure 2 – Test Network. 



 

IV. RESULTS 

Results were translated into bar charts, so to emphasize the 

relative importance of each factor: fault resistance (𝑅𝐹), power 

flow (PF), current amplitude (|𝐼|̅) and voltage amplitude (|𝑉̅|) 

errors, voltage angle errors (∡𝑉̅), zero sequence resistance (𝑅ℎ) 

and reactance (𝑋ℎ) errors, and sync errors (Sync). 

Notice that the presented results do not allow evaluating the 

total error of the fault location algorithm in estimating the 

distance to fault. Indeed, this error is not the sum of the 

presented values of the individual errors, as some factors will 

contribute positively and others negatively to the global error. 

A. Single Phase-to-ground faults 

The bar chart mentioned above for phase-to-ground faults is 

presented in Figure 3. 

Results show that the two-ended algorithm is much less 

sensitive than the single-ended algorithm, for every single 

factor considered (please note the different yy-scales). 

The three factors that hugely affect the estimated fault 

distance errors obtained with the single-ended algorithm are: 

(1) zero sequence resistance errors, (2) fault resistance value, 

and (3) voltage angle measurement errors. The zero sequence 

resistance error originates a maximum 105% error in the 

distance to fault evaluation. The errors associated to the fault 

resistance value reaches 88% for a 50 Ω fault resistance, this 

being the higher fault resistance value considered. This result 

should be expected as these two errors are directly related to the 

algorithm assumption of considering the distribution factor, 𝑘𝑑 

equal to 1, and this is only acceptable for low fault resistance 

values. The third mostly affecting factor is the voltage angle 

measurement error, the maximum observed ∆𝜀 being less than 

32 %. 

Results for the two-ended algorithm show that this 

algorithm is mostly affected by the fault resistance value, sync 

errors and current amplitude measurement errors. The 

corresponding associated errors less than 10 % for the first and 

around 3 %, for the two others. 

Results in Figure 3 also show that the two-ended algorithm 

is non-sensitive to zero sequence impedance errors. This should 

be expected since this algorithm does not use zero sequence 

quantities in its calculations. Accordingly, for this algorithm, 

zero sequence resistance and reactance errors were not 

performed for the faults that follow. 

B. Phase-to-phase faults 

Figure 4 presents results for phase-to-phase faults. 

Results show that the two-ended algorithm is again less 

sensitive than the single-ended algorithm, for every single 

factor considered. For this type of faults, current and voltage 

amplitude measurements errors are the factors that most affect 

both algorithms. 

For the single-ended algorithm, results for ∆𝜀 were all less 

than 6.2 % and 2.9 % regarding current and voltage amplitude 

errors, respectively. On the other hand, these values for the two-

ended algorithm are lower than 2.6 % and 1.2 %, respectively. 

It is also important to mention that, for this type of faults, 

the single-ended algorithm is not sensitive to zero impedance 

errors. This is explained by the fact that, for this type of fault, 

the algorithm does not make use zero sequence quantities.  

C. Double phase-to-ground faults 

Figure 5 presents results for double phase-to-ground faults. 

Again, results show that the two-ended algorithm is less 

sensitive than the single-ended algorithm, for every single 

factor considered. 

For this type of faults, current and voltage amplitude 

measurements errors are still the factors that most affect both 

algorithms. Results of single-ended algorithm showed ∆𝜀 less 

than 4.9 % and 2.9 %, respectively for the current and voltage 

errors. On the other side, the two-ended algorithm showed ∆𝜀 

less than 2 % and 1.2 %, respectively. 

Furthermore, fault resistance value is one of the factors that 

also significantly affects the algorithms’ performance. 

However, both algorithms showed much lower errors than the 

ones for phase-to-ground faults. Indeed, for double phase-to-

ground faults, the single-ended and two-ended algorithms 

showed a maximum ∆𝜀 of 0.65 % and 1.27 %, respectively, 

while for phase-to-ground faults the corresponding errors were 

87.7, % and 9.83 %, respectively. 

D. Three-phase faults 

Figure 6 presents the results obtained for three-phase faults. 

Results show that the two-ended algorithm is once again 

less sensitive than the single-ended algorithm, for every single 

factor considered. 

Once again, current and voltage amplitude measurements 

errors are the ones that most affect both algorithms for 

three-phase faults. For this case, 5.6 % and 3.17 % are the 

maximum ∆𝜀 values obtained for the single-ended algorithm for 

current and voltage amplitude measurement errors. For the 

two-ended algorithm, these values are 1.87 % and 1.08 %, 

respectively. 

 

 



  
Figure 3 – Sensitivity analysis for single phase-to-ground faults.  Figure 4 – Sensitivity analysis for phase-to-phase faults. 

 
 

Figure 5 – Sensitivity analysis for double phase-to-ground faults. Figure 6 – Sensitivity analysis for three-phase faults. 

 

V. CONCLUSION 

Two impedance-based fault location algorithms were 

implemented: a single-ended algorithm and a two-ended 

algorithm. 

Sensitivity analyzes regarding: (1) fault resistance value, (2) 

pre-fault conditions, (3) current and voltage measurement 

errors, (4) zero sequence impedance errors, and (5) sync errors 

were performed for the two implemented algorithms, using 

EMTP-RV simulations. The sync errors sensitive analysis is 

only applicable to the two-ended algorithm. 

The sensitivity analyses were performed for single phase-

to-ground, phase-to-phase, double phase-to-ground, and three-

phase faults. The values of the above-mentioned parameters 

were varied in a realistic range. 

Results show that the two-ended algorithm is much less 

sensitive to the considered factors than the single-ended 

algorithm, for every fault type. 

Results also show that the fault location error depends on 

the fault type, being higher for phase-to-ground faults. 

For every individual factor evaluated, the two-ended 

algorithm showed errors below 10 %, for all types of fault, thus 

being most suitable for general purpose application. The highest 

error corresponds to the considered fault resistance value of 

50  for the phase-to-ground fault. 

For the single-ended algorithm, it was shown that it is very 

sensitive either to the zero sequence resistance error, the fault 

resistance value and the voltage angle measurement error, 

showing errors that can go up to 105 %, 88 % and 32 %, for 

each individual factor respectively, for phase-to-ground faults. 
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