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Abstract—In this paper, the global, variance-based, sen-

sitivity analysis is used to quantify the impact of measure-
ment imperfections on voltage sag based fault location. 
This kind of fault location requires voltage phasor infor-
mation from meters to be compared to simulated cases in 
order to locate faults. However, meters are prone to mea-
surement imperfections. It is therefore critical that the 
impact of measurement imperfections, such as measure-
ment and loading errors, are fully assessed to account for 
uncertainty in algorithm inputs. Sensitivity analysis was 
used to attribute responsibility for uncertainty in fault 
location to uncertainty in the inputs of the fault location 
algorithm. The results demonstrate that the single most 
detrimental factor to precise fault location is large fault 
resistance, both alone and in combination with other fac-
tors. Although accurately deduced by the algorithm, other 
impacts of this fault feature adversely impact accuracy. 

Keywords—EMTP; fault location; measurement uncer-
tainty; sensitivity analysis; power distribution faults; power 
system protection; smart grid 

I. INTRODUCTION 
The accuracy of fault location has a direct impact on 

restoration of service and outage management in distri-
bution systems [1], [2]. The challenges to accurate fault 
location in distribution systems include large scale pow-
er systems models, loading conditions changing over 
time, the unbalanced nature of the system, heterogene-
ous lines, the presence of laterals, and load taps.  

Fault location methods may be differentiated into 
the following categories: superimposed components 
methods [3], [4], intelligent system based methods [5], 
[6], impedance based methods [7]-[12], frequency com-
ponent based traveling wave methods [13]-[16], and 
voltage sag based methods [17]-[23]. A more detailed 
comparison and analysis of different fault location me-
thods can be found in [7], [16], [20], [24] and [25]. 

Kezunovic [2] has discussed the implementation of 
precise fault location using field data measurements. 
The most distinctive feature of voltage sag based fault 
location is the potential for identifying unambiguous 
fault location, where the impedance based methods may 
suffer from estimates that cannot differentiate the exact 

feeder. Voltage sag based fault location requires voltage 
phasor information to be obtained from meters, and the 
fault location is determined by comparing how well 
each calculated case matches up to what was actually 
observed at the meters in the network. Therefore, it is 
critical that the impact of measurement imperfections 
[26], such as measurements and loading errors, is fully 
assessed to account for the uncertainty in algorithm 
inputs. 

In this study, the global, variance-based, sensitivity 
analysis is used to quantify the impact of measurement 
imperfections on voltage sag based fault location. The 
analysis was performed by simulating fault location in a 
set of scenarios designed to reveal the relationship be-
tween inputs and output uncertainty. Inputs were chosen 
to reflect the realistic operation of a real radial distribu-
tion network with underground lines.  

This paper is organized as follows. Section II con-
tains the background information. Section III illustrates 
the voltage sag based fault location method. Section IV 
describes the theoretical formulation of sensitivity anal-
ysis. Section V demonstrates the results and analysis. 
Section VI contains the conclusions reached in this 
study. 

II. BACKGROUND 
A. Method of Study 

The method of study is shown in Fig. 1. First the in-
put factors were generated. Then, a translator [27] was 
used to create network data in readable form for use in 
short-circuit analysis software, which simulates faults 
and the fault location procedure. The generated inputs 
were then used together with fault location results in the 
sensitivity analysis software SimLab to compute the 
results. 

B. Network under Study and Meter Placement 
An actual underground distribution network was 

used in this study. Table I shows parameters of the 
overall system. Since the size of studied system is very 
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Figure 1.  Scope of study. 



 

large, with detailed modeling, the processing time of 
designed fault scenarios was excessively long. In prac-
tice, a number of candidate fault nodes may be eliminat-
ed by a combination of outage mapping techniques [28], 
such as customer calls, circuit breaker/re-closer status 
[29], [30], geographical information system (GIS) coor-
dinates [31], [32], smart meter reading [33], [34], and 
information about maintenance inquires [35], [36], 
which are applied to narrow down the faulted area. It is 
also known that the configuration of distribution system 
varies with time, which will require mentioned data (i.e. 
GIS data) to constantly be used to update the power 
system model [28]. This issue is beyond the scope of 
this study.  

In this study, it is assumed that the faulted area has 
been recognized through outage mapping so that only a 
part of the system needs to be processed by the fault 
location algorithm. Note that the preliminary studies, 
including validation of algorithm, were performed using 
the full network. The selected part of system is shown in 
Fig. 2. 

The meters from 15 locations are assumed to be 
available, where the meters are placed at the 
intersections and the ends of feeders (indicated in Fig. 
2). The optimal meter placement has been fully ana-
lyzed in [20] with generalized procedures and therefore 
is not considered in this study.  

C. Sensitivity Analysis Background 
The purpose of sensitivity analysis is to account for 

the variance in output through the variance of input. In 
other words, it is used to differentiate how much of the 
variance in output is caused by different inputs, which 
are measurement imperfections in this study.  

From the literature [17]-[23], for voltage sag based 
fault location methods, the most significant factor af-
fecting input uncertainty (i.e. input factors) could be one 
of the following: 
• Measurement errors,  
• Loading estimation errors, 
• Signal transferring (communication) errors, 
• Setting errors, 
• Absence of information and inaccurate modeling of a 

system. 
In this study it was assumed that the error in fault 

location could be the result of uncertainties in assump-
tions about loading, fault resistance and meter aberra-
tions. The interpretation of sensitivity analysis results 
provides the relative importance of designated input 
factors. Explanations of comparison indices which were 
considered are listed in Table II. The comparison be-
tween different sensitivity analysis approaches has been 
summarized in Table III using those comparison indices 
explained in Table II. Note that Table III serves as a 
literature survey of how quantifying the performance of 
fault location techniques may be performed via various 
sensitivity analysis approaches.  

III. VOLTAGE SAG BASED FAULT LOCATION 
In this study, the findings from [18]-[20] are applied. 

The voltage sag based fault location algorithm may be 
summarized with the following steps. 
1. Voltage sag data recorded at the measurement loca-

tions, Vrecorded, is sent to the distribution control center 
for further processing. 

2. The fault is simulated at each node, one at a time, 
using a short-circuit program, and the fault resistance 
is estimated during this process. Then the calculated 
voltage sag data at each node, Vcalculated, is obtained.  

3. The calculated voltage sag data Vcalculated of each node 
is compared with the recorded voltage sag data Vre-

corded. The node having the smallest difference, or the 
best match, is the fault node M. 

4. The algorithm then searches all lines connected to 
fault node M (performing Step 2) to pinpoint the fault 
location. 
In some cases where the fault resistance is small or 

the fault location is close to the root node, the voltages 
obtained from meters may become similar, which makes 
it more difficult to recognize the true fault location. In 
this case, the current phase information at the root node 
is used. The findings in [18] may be summarized as 

Error=(εamplitude(V))2+(εphase (I))2,        (1) 

Δ+
=

Error
Flag 1 ,              (2) 

TABLE I.  INFORMATION ABOUT THE OVERALL SYSTEM

Total Number of Components 4352 
Number of Line Components 1828 

Total length of Line Components (Foot) 655617.6 
Total Connected Load (kVA) 33606 

 

Figure 2.  Schematic diagram of the system. 



 

where amplitude(V) is the difference between the amplitude 
of Vrecorded and Vcalculated, phase(I) is the difference between the 
phase of calculated and recorded current at the root 
node, Δ  is a small number to prevent the division by 
zero, and Flag is used to identify the faulted node. Rea-
listically, the voltage phase information is not always 
available; therefore it is not used to compare the differ-
ence between the phase of Vrecorded and Vcalculated in (1) in 
this study. Note in Step 4, after locating the maximum 
value of Flag at Node M, the algorithm searches for the 
maximum value of Flag on the connected lines to pin-
point the fault.  

While obtaining the value of Flag at each node, one 
at a time, the fault resistance was also estimated as de-
scribed in [19]. The method consists of applying the 
fault current at the root node, where the difference be-
tween the calculated current phasor and the recorded 
current phasor is expressed as  

ε=|Icalculated| −|Irecorded|,             (3) 

where |Icalculated| is the amplitude of calculated current 
phasor and |Irecorded| is the amplitude of recorded current 
phasor at the root node. In practice, the ε value should 
be very close to 0 A if the estimated fault resistance is 
very close to the real one at the true fault location. To 
enhance the speed of the procedure, a user-given current 
tolerance εuser-given may be provided to stop iterating 
when ε falls below εuser-given. The fault resistance process 
can be summarized as  
1. A fault is simulated at a node with fault resistance 

very close to 0 Ω. If  is smaller than 0 A, then this 
node could not be the fault node since the greater 
fault resistance would not be able to produce the 
same amount of fault current |Irecorded|.  

2. If ε is not smaller than εuser-given, increase the fault 
resistance and obtain the new ε. By extrapolating 
and/or interpolating the obtained ε with estimated 
fault resistance, a closer estimate of fault resistance 
is obtained (Fig. 3 [19]).  

IV. THEORETICAL FORMULATION OF SENSITIVITY 
ANALYSIS  

Global variance-based sensitivity analysis may be 
used to understand the impact of measurement imper-
fections on fault location. The goal of sensitivity analy-
sis is one of distributing responsibility for uncertainty in 
the output to uncertainty in the inputs of a fault location 
algorithm. Sensitivity analysis is used to establish the 
following in relationship to the studied algorithm [37]: 
1. Examine the robustness, 
2. Obtain the relationship between inputs and outputs,  
3. Clarify how the output variance may be reduced by 

suppressing input variances. 
For purposes of analyzing uncertainty in model out-

put using sensitivity analysis, it is assumed the empiri-
cally observed uncertainty in fault location is a function 
f(x) of input factors, which may be represented as

dx ]1,0[∈ . Here, each of the d input factors has been 
mapped from  into the interior of a d-dimensional 
hypercube. Such a mapping can be made without loss of 
generality since the input factor space is bijectivley 
mapped to such a hypercube. It is also assumed that the 
x used to test the fault location algorithm has a diagonal 
covariance matrix [37]. Then the goal of variance-based 
sensitivity analysis is to assign to each input a sensitivi-
ty index whose magnitude is proportional to the amount 
of variance in fault location that results from it.   

By specifying a univariate probability distribution 
for each input factor it is possible to create x which has 
a diagonal covariance matrix. Then sampling from the 
joint distribution of input factors, a large number of 
fault location scenarios can be created. By applying the 
described fault location procedure to each scenario an 
estimate of )(2 xfσ  can be computed. In order to 
compute the sensitivity indices it is then necessary to 
decompose the variance )(2 xfσ  is such that  

∑∑∑
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d
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d
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TABLE II.  EXPLANATIONS OF COMPARISON INDICES 

Comparison 
Index Explanation 

Direct sensitivity 
analysis/Fitting 

Are the indices are computed directly or is an 
intermediate model fitted 

First order indices Capability to compute first order indices 
Total indices Capability to compute total effect of indices 

Interaction indices Capability to compute the interaction indices 
between any two or more factors 

Overview/General 

The work is a survey of existing methods, 
providing a comparison of several different 

approaches, and/or of general applicability for 
sensitivity analysis 

 
TABLE III.  EXPLANATIONS AND REFERECE NUMBERS OF 

COMPARISON INDICES (’X’ INDICATES POSITIVE) 

Ref. 
Direct sensitivi-

ty analy-
sis/Fitting 

First 
order 

indices 

Total 
indic-

es 

Inte-
raction 
indices 

Over-
view 

/General 
[37] Dir. X  X  
[38] Both X  X  
[39] Fit. X  X X 
[40] Both X  X X 
[41]     X 
[42] Dir. X X X X 
[43] Dir. X X  X 

 

 

Figure 3.  Fault resistance estimation procedure [19]. 



 

If the main effect of a factor xi on the output f(x) is 
denoted as ])|)([(22

ii xxfExi σσ =  then the com-
pound effects of any two factors xi and xj may be com-
puted as  

jixxxfExxij ijji
2222 ]),|)([( σσσσ −−= .  (5)            

The interaction of more than two factors may be si-
milarly described in [42]. 

V. RESULTS AND ANALYSIS  
To perform the study, the algorithm interfacing with 

load flow analysis in the Alternative Transient Program 
(ATP) [44] was coded in C++. The data was generated 
in ATP to represent realistic field gathered data about 
the generated fault scenarios.  

A. Validation of Fault Location Method 
Prior to the sensitivity analysis, it is necessary that 

the studied voltage sag based fault location method is 
validated to ensure the accuracy without measurement 
imperfections. In pursuit of validation, experiments with 
no measurement imperfections were performed (no 
measurement errors and no loading estimation errors). 
The single-phase-to-ground fault was simulated on 
every receiving node of all lines.  

From the validation results, the accuracy of algo-
rithm is ensured, where there was no bug in the algo-
rithm and the computational error was very small. In 
cases where the output error was not zero, the algorithm 
always detected nodes on the same lateral as the true 
location of fault. In most cases, the detected nodes were 
downstream of true fault location. 

B. Results of Sensitivity Analysis 
Simulations of single phase line to ground faults 

were used in the sensitivity analysis. The considered 
lines were at differing distance from the root node (near, 
middle, far) and are shown in Table IV, where in each 
category, four lines were picked (as indicated in Fig. 2). 
After preliminary tests, the input factors shown in Table 
V were determined for sensitivity analysis. The high-
impedance faults are not considered in this paper since 
the number of necessary experiments is already large. 

In order to obtain global variance-based sensitivity 
indices, it is necessary to simulate a large number of 
fault scenarios under carefully designed conditions. 
According to the Sobol approach, it is necessary to have 
256 sets of the analyzed four input factors in order to 
compute all levels of interaction on algorithm perfor-
mance. For more accurate results, that number was 
doubled, performing 512 experiments on each line (spe-
cified in Table IV) while varying the input factor values 
according to distributions (specified in Table V). 

Table VI summarizes the results of this study, where 
the resulting 6144 experimental assessments of fault 
location accuracy are summarized. The results are aver-
aged across lines specified in Table IV. The input factor 
label number in Table VI is specified in Table IV. 

In Table VI, the strongest influence on the accuracy 
of fault  location (0.55) comes  from fault resistance, 
with large fault resistance leading to large error in fault 

location. Fig. 4 illustrates the relationship true fault 
resistance has with fault location error, where one can 
see the algorithm tends to overestimate distance from 
root to fault when fault resistance is high. 

Interestingly, the algorithm performs prediction of 
fault resistance with fair accuracy, as illustrated in Fig. 
5, showing the scatter plot of true and predicted fault 
resistance. 

`In Table VI, the second largest influence on error 
(0.29) comes when all four factors under consideration 
are at detrimental values for the fault location algorithm. 
The third most important interaction (0.15) is that of 
fault resistance, distance from root to fault and loading 
error taken together. In this case, voltage magnitude 
error at meters has a very small effect on overall 
accuracy. 

It is also possible to compute total effects of each 
input factor’s influence on error at all levels of 
interaction as shown in Table VII. Note that while total 
effects describe a single factor influence on error, it 
does not discount interactions with other factors and 

TABLE IV. 6144 EXPERIMENTAL ASSESSMENTS ON THE 
CONSIDERED LINES (512 EXPERIMENTS FOR EACH LINE) 

Near Root Node: 
Line between 

Nodes 

Middle distance from 
Root Node: Line be-

tween Nodes 

Far from Root 
Node: Line be-
tween Nodes 

1879 and 1880 1938 and 1939 1958 and 1959 
1886 and 1887 1941 and 1942 2016 and 2017 
2777 and 2778 1942 and 1943 2025 and 2026 
2780 and 2781 1916 and 1917 2720 and 2721 

TABLE V.  INPUT FACTORS AND SPECIFIED RANGE FOR 
SENSITIVITY ANALYSIS 

Input Factor Distribution 
Function Range Label 

Number 
Voltage 

magnitude 
error at meters 

Log-uniform [-0.02%, 0.02%] 1 

Fault  
resistance Log-uniform [1 Ω, 20 Ω] 2 

Distance from 
root to fault 

location 
Uniform 

At each line, the 
fault is assumed to 
be at 10% to 90% 
from the receiving 

end.  

3 

Loading error Gaussian µ=0; 
σ=0.005 [-0.02%, 0.02%] 4 

TABLE VI.  SUMMARIZED RESULTS OF SENSITIVITY ANALYSIS 

Order of 
Interaction 

Input Factor Label 
Number 

Average Sensitivity 
Index 

1st Order 

1 0.0097 
2 0.55 
3 0.071 
4 0.1 

2nd Order 

1, 2 0.077 
1, 3 0.063 
1, 4 0.056 
2, 3 0.12 
2, 4 0.14 
3, 4 0.076 

3rd Order 

1, 2, 3 0.021 
1, 2, 4 0.031 
1, 3, 4 0.04 
2, 3, 4 0.15 

4th Order 1, 2, 3, 4 0.29 

 



 

therefore some overlapping exists, since fault location 
error is not purely additive function of input.  

In Table VII, the most influential factor (1) for 
accurate fault location is fault resistance, while distance 
from root to fault (0.38) and error from loading 
estimation (0.37) are less influential, andvs. voltage 
magnitude error at meters (0.2) although important is 
least detrimental to total algorithm performance. 

In Fig. 6, the relationship is illustrated between 
distance from root to fault in terms of percentage of 
where the fault is from the receiving end of the line, and 
the relative error as a percentage of total distance from 
root to fault. The effect of distance from root to fault is 
more clearly observed in Fig. 7 showing the scatter plot 
between total distance from root to fault and relative 
error. The observations from the results of sensitivity 
analysis can be summarized as follows. 
• The algorithm performs flawlessly under favorable 

conditions. 
• For good performance, the algorithm requires an 

accurate estimation of load profile. 
• On average, under adverse conditions, the algorithm 

has a tendency towards overestimating fault distance. 
• The single most detrimental factor to precise fault 

location is large fault resistance, both alone and when 
interacting with other factors. Although accurately 

deduced by the algorithm, other impacts of this fault 
characteristic adversely impact accuracy. 

• The second most influential factor is total distance 
from root to fault, which by itself is not very impor-
tant but in interaction with other factors may result in 
unfavorable over estimation of distance from root to 
fault. Faults located closer to the root node have a 
strong tendency towards overestimation of fault dis-
tance while those located further away have smaller 
error, though this may be an artifact of suboptimal 
meter placement. 

• Loading error, while in and of itself having a small 
impact on error, may adversely interact with other 
factors, such as fault resistance, and to a lesser degree 
distance from root to fault, leading to inaccurate mea-
surements. 

 

Figure 4.  Scatter plot of true fault resistance vs. relative error. 

 

Figure 5.  Scatter plot of predicted fault resistance vs.true fault 
resistance. 

TABLE VII. SOBOL INDICES OF TOTAL EFFECTS

Input Factor Label Number Total Sensitivity Indices 
1 0.2 
2 1 
3 0.38 
4 0.37 

 

Figure 6.  Scatter plot of relative distance from fault to node vs. 
relative error. 

 

Figure 7.  Scatter plot of total distance from root to fault in feet vs. 
relative error between predicted and actual fault location. 



 

• The voltage magnitude error may be the only factor 
that could be manipulated, where the voltage mea-
surement error has a very small impact on accuracy 
compared to other factors considered, both in terms 
of its direct influence and in terms of interactions 
with other factors. 

C. Results of Uncertainty Analysis 
The results of the uncertainty analysis from 6144 

experiement assements are summarized in Table VIII, 
where the fault location algorithm experinces an 
average relative error of 1.1% of the total distance from 
root to fault indicating it has a slight tendency towards 
over estimating the distance from root to fault. This can 
be confirmed by the error’s skewness factor being 
positive and the 95% confidence intervals being 
asymmetric around 0. A visual summary can be 
interpreted as shown in Fig. 8. 

In Fig. 9, the relationship between actual total 
distance from root to fault and predicted total distance 
from root to fault is shown, along with the linear 
interpolation fitted with least squares indicating 
excellent fit across all measurements with a slight bias. 
In the case of larger distance from root to fault, the 
algorithm tends to underestimate distance, while in the 
case of shorter distances to fault the algorithm often 
overestimates.  

During testing, a similar set of tests is performed 
without any error introduced. The results are illustrated 
in Fig. 10. When operating under favorable conditions, 
without noisy measurements, the algorithm shows 
extremely low error and bias. In Fig. 10, the residuals 
squared metric between actual and predicted fault 
location, R2, is 0.9987, indicating excellent fit.  

VI. CONCLUSIONS  
This paper makes several contributions: 

• The global variance-based method is used to quantify 
the impact of measurement imperfections on voltage 
sag based fault location. 

• The voltage sag based fault location algorithm 
performs flawlessly under favorable conditions. For 
good performance, the algorithm requires an accurate 
estimation of load profile.  

• The single most detrimental factor to precise fault 
location is large fault resistance, both alone and in 
combination with other factors. The factor, voltage 
magnitude error at meters, may be the only one that 
could be managed, where the voltage measurement 
error has a very small impact on accuracy compared 
to other factors considered. 

• The fault location algorithm makes an average 
relative error of 1.1% of the total distance from root 
to fault, indicating that it has a slight tendency 
towards over estimating the distance from feeder root 
to fault. When operating under favorable conditions, 
without noisy measurements, the algorithm shows 
extremely low error and bias. 
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TABLE VIII. UNCERTAINTY ANALYSIS RESULTS 

Metric Value 
Mean error 252 ft / 1.1% 

Mean absolute error 330 ft / 1.6% 
Standard deviation of error 437 ft / 2.3% 

95% confidence interval -1.7% to 7.3% 
Skew 1.5 

Kurtosis 2.2 
Distance from root to fault range (in ft) 25983 - 19246 

Figure 8.  Histogram of relative error values in % of total distance 
from root to fault. 

 

Figure 9.  Scatter plot of actual distance from root to fault vs. pre-
dicted distance from root to fault, with linear interpolation, when noisy 

measurements are used. 

 

Figure 10.  Scatter plot between actual distance from root to fault and 
predicted distance from root to fault, with linear interpolation, without 

noisy measurements. 
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