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Abstract—This paper presents a new fault location method 
for radial distribution networks with distributed generations. 
The proposed fault location algorithm uses the voltage and 
current data obtained by digital fault recorder installed at 
the head of the network main feeder, with or without the 
data from any digital fault recorders installed at DG 
connection points. The algorithm is based on fundamental 
frequency calculations and includes novel subroutines of 
current calculation of DG contained laterals and average 
loading factor and power factor estimation of the network 
transformers to solve the fault location problem. The method 
has been tested by simulation studies using EMTP on a 205-
node 20kV radial distribution network containing three DG's 
for different data acquisition scenarios. The results verify 
accuracy of the method under different fault conditions even 
with only one measuring point at the head of the main feeder. 
 

Index Terms—Fault location, distribution systems, 
distributed generations. 

I. INTRODUCTION 
OWER distribution systems are subjected to fault 
conditions caused by various sources such as adverse 

weather conditions, equipment failure and external object 
contacts. It is important for the electricity companies to 
locate the fault quickly to improve reliability and quality of 
the supply to customers. The primitive method of fault 
location using visual inspection is time consuming and 
costly as requires extra maintenance staff to patrol outage 
areas. With the advent of digital relaying, several fault 
location methods for distribution systems have been 
proposed in the past couple of decades. Although some of 
these methods have acceptable accuracy for the application 
in conventional distribution systems, very few have 
addressed the fault location problem in the presence of 
distribution generation (DG). 

Due to increasing demands for electric power and 
contradictory environmental concerns, distributed 
generation is an effective solution which can introduce 
small power generations from green energy resources into 
distribution networks. The technical advantages of the DG 
application can be summarized as backup generation, loss 
reduction, power quality improvement, grid expansion 
postponement, peak load service, rural and remote 
application, combined heat and power (CHP) generation. 
On the other hand, the increasing use of DG's in the 
networks makes the system operation more complicated. In 
this context, one of the most affected areas is the 
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protection of distribution systems which are no longer 
simple radial operated. 

There are two main groups of distributed generators in 
the system. The first group provides direct current (DC) 
power and hence interfaces to the main network via 
inverter for DC to alternating current (AC) conversion. 
Examples of the inverter-based generation are fuel cells, 
micro-turbine and photovoltaic cells. The second group 
directly provides AC power, such as diesel generators and 
wind turbines [1], [2]. 

Fault location in distribution networks with distributed 
generations is quite complicated, mainly because of lack of 
effective protection coordination as a result of remote short 
circuit current infeeds from the DG source. Most of the 
previously methods deal with conventional radial 
distribution systems, and only until recently very little 
attention has been paid to the fault location in DG 
contained distribution networks. In this category some 
main methods have been found in the literatures that are 
briefly explained here. Penkov, et al [3] described a fault 
location algorithm based on symmetrical components. 
Their method can only be applied to three-phase faults in 
balanced systems with the assumption that load currents 
are exactly known. Other papers presented a fault location 
algorithm which uses the positive sequence apparent 
impedance [4], [5]. In these papers the authors did not 
explain how to find the internal voltages of DG's and also 
they did not consider the non-homogeneity of distribution 
lines. Jamali and Talavat [6] proposed a fault location 
algorithm for DG contained distribution networks which 
solves, to some extent, some of the deficiencies of the 
above two methods. The solution proposed by the authors 
assumes an ideal voltage behind sub-transient reactance 
model for synchronous generators and can be applied for 
any fault types. In the other papers [7]-[9], the authors 
presented new fault location methods for radial 
distribution systems with distributed generation based on 
data from digital fault recorders located in all nodes of the 
network. The authors in [10], [11] determined the fault 
location in distribution networks with dispersed 
generations using with neural networks. 

This paper presents a new fault location method for 
radial distribution networks with DG that overcomes many 
of the difficulties normally encountered in such systems. 
The proposed fault location algorithm is based on the 
voltage and current data obtained from digital fault 
recorders (DFR) installed in various points on the system. 
Depending on the available number of DFR's and the 
communication links in between, the algorithm is 
implemented in two data acquisition cases. In the first 
case, the required fault locator data is only available at 
the main relaying point of the network.  In the second case,  
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Fig. 1.  Faulted line section. 
 
some of DG's may be equipped with DFR and hence the 
measured data from these DG's can be transferred to the 
main relaying point via a data communication link. 

II. FAULT LOCATION ALGORITHM 
A faulted line section of a radial distribution system 

with distribution generations is shown in Fig. 1, where the 
phasor vectors are [   ]T

S a b cV V V V  for the sending-end 
voltages, [   ]T

S a b cI I I I  for the upstream currents, 
[ '  '  ' ]T

R a b cI I I I  for the downstream currents, and 
[   ]T

F fa fb fcV V V V  the fault location voltages. 
The sending-end voltage vector, SV , can be expressed in 

terms of the upstream/downstream current vectors and 
fault distance d as follows 

( )S S S RV dZI R I I  (1) 

where 
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In (1), the fault resistances faR , fbR , fcR  and fR  can 
vary from zero to infinity, depending on the fault type and 
the phases involved [12]. For instances, in case of a single-
phase-to-earth fault on phase A, only fR  takes a real non-
zero value and the values for faR , fbR  and fcR  are zero, 
infinity and infinity, respectively. Therefore, for the single-
phase-to-earth fault (1) is rewritten as 

11 12 13( ) ( )a a b c f a aV d z I z I z I R I I  (2) 

Knowing the values of ,  ,  ,  a a b cV I I I  and 'aI  and 
separating (2) into real and imaginary parts, the  
resultant (3) can be solved for the fault distance d and fault 
resistance fR . 
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Similar equations can be obtained for the phase-to-
phase, phase-to-phase-to-earth and three-phase faults. 

 

Find fault distance dnew by performing fault 
Location algorithm using Vk , Ik  and I’k

 
Fig. 2.  Flowchart of the fault location algorithm. 
 

In the above Equations, SV  and SI  of the faulted line 
section are calculated section by section starting from the 
section containing digital fault recorder at its head, where 
the recorded voltage and current data are available for SV  
and SI . Then, RI  is calculated from an iterative procedure 
which considers fault location at different points along the 
network line sections. If for a line section the algorithm 
does not find a fault point, then the next section is checked 
with the updated voltage and current values at the section 
head. The iterative procedure of calculating the unknown 
quantities of RI , d and fR  for typical line section can be 
summarized as follows: 

1. Initialize 0d , this means the fault point is 
assumed at the beginning of the first line section; 

2. Calculate RI  by solving the distribution network 
downstream the fault point. 

3. Determine fault distance, d , and fault resistance, 
fR , using (2). 

4. Repeat the above steps until the estimated fault 
distance converges according to (4) 

new oldd d  (4) 

The algorithm is valid for any type of radial distribution 
with or without DG's. In order to find all the possible fault 
locations, the algorithm searches all line sections with 
incremental values for d as shown in the flowchart of 
Fig. 2. 
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Fig. 3.  Typical radial distribution system with distributed generations. 
 

The tree structure of radial distribution systems leads to 
multiple fault point estimations, which are expected in any 
impedance-based fault location algorithm. Some diagnosis 
methods by using additional information such as 
protection coordination and system loading pattern, prone 
down and rank possible fault locations in distribution 
networks [13], [14]. 

A. Line Section Voltage and Current Estimation 
When applying the fault location method to each line 

section, it is required to calculate the sending-end voltage 
phasor at the head of the each line section kV  and 
upstream/downstream current phasors kI , 'kI . The 
procedure is described for the typical radial distribution 
system of Fig. 3 in which SSV  and SSI  are the voltage and 
current phasors recorded at the main substation. 

Assuming a unique path from the measuring point to 
the faulted line section, the sending-end voltage phasor kV  
and the upstream current phasor kI  can be estimated using 
(5) and (6), respectively 

1k

k SS i i
i

V V Z I  (5) 

k k

k SS Li i Latij
i i j

I I Y V I  (6) 

where 
iZ : the i th line section series impedance; 
LiY : equivalent admittance of loads and line section 

capacitors connected to the i th node of path; 
LatijI : the j th subsystem connected to the i th node of 

the path current vector. 
To calculate the downstream current phasor 'kI  related 

to the subsystem located in the downstream of the faulted 
line section, the voltage phasor of fault location FV  has 
been estimated as the following 

F k i kV V dZ I  (7) 

The procedure of calculation of the downstream current 
phasor of each subsystem connected to the node of the 
unique path LatijI  and the downstream current phasor of 
subsystem located in the downstream of the faulted line 
section 'kI  differs when there is any distributed generation 
with/without related measuring point in the subsystem. 
When there are no DG's connected in subsystems or all 
DG's in subsystems are equipped with digital fault recorder 
(DFR) which can send data to the main relaying point, the 
current vector LatijI  and 'kI  contains loads, line section 
charging current and available short circuit infeed data 
from the related DFR. Hence assuming the voltage iV  and 

kV  as the subsystem node voltage, the current vector LatijI  
and 'kI  can  be calculated using conventional power flow 
algorithm [15]. However, when subsystems contain 
any distributed generations without DFR, the fault currents 

 
Fig. 4.  Flowchart of subsystem current calculation procedure. 
 
from DG's change the current vector LatijI  and 'kI , which 
cannot be solved by conventional power flow algorithm. In 
order to calculate the current vector, by modifying the 
conventional power flow algorithm, which was developed 
in [15], a new iterative circuit solution is presented here. 

The modified algorithm is based on an impedance 
matrix BZ , in which the diagonal entry iiz  is equal to the 
sum of the line section series impedance on the path 
between the i th  DG  and  the  node  of  the  subsystem.  For  
more than one DG, the off-diagonal entry ijz  is equal to 
the sum of the line section impedance on the path between 
the i th and j th DG. By forming the impedance matrix 

BZ  for the assumed subsystem, the following steps 
describe the algorithm. 

In the first step, after isolating all internal DG voltages, 
the conventional power flow algorithm is performed on the 
subsystem by considering that DG fault current infeeds are 
zero. By calculating the voltage at an isolated DG point 
and subtracting this from the DG scheduled internal 
voltage, DG's fault current infeed difference can be 
evaluated using the following Equations 

i DGi iV V V  (8) 

1
DG BI Z V  (9) 

where DGiV  Scheduled internal voltage of the i th 
distributed generation; iV  calculated isolated DG's point's 
voltages. 

In the second step, conventional power flow algorithm is 
applied to the subsystem by considering DG's fault current 
infeed using (9). The above routine is repeated until the 
mismatch of V  in the sequential iterations becomes less 
than a small threshold level. The flowchart of calculating 
subsystem current when contains any distributed 
generations without DFR average has been shown in 
Fig. 4. 

B. Average LF’s and PF’s Estimation 
In this paper the varying daily loads are represented 

by  power  factor,  PF,  and  loading  factor,  LF.  As  it  
is not practical  to have  actual values of  distribution loads,  
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Fig. 5.  Flowchart for estimating average LF and PF. 
 

 
Fig. 6.  Post-fault ideal synchronous generator model. 
 
average PF's and LF's are used for load estimations. The 
algorithm therefore uses the scheduled active and reactive 
power values of DG's and the pre-fault voltage and current 
recorded at the head substation to determine the initial PF 
and LF of loads as follows 

/initial ni
i

LF S S  (10) 

/initialPF P S  (11) 

where niS  is the nominal power of transformer connected 
to the i th node, * ( )m

SS SS DGi DGii
S P jQ V I P jQ . 

Fig. 5 shows the flowchart for average LF and  
PF estimations. 

III. DISTRIBUTED GENERATION MODELING 
Distributed generations are modeled as ideal 

synchronous generators connected to the distribution 
system via matching transformers. The post-fault 
synchronous generator model used in this algorithm 
consists of internal voltage gE  in series with sub-transient 
reactance sX  as  shown in  Fig.  6.  gE  is calculated from 
the pre-fault power flow analysis based on scheduled DG's 
active and reactive power [16]. 

IV. SIMULATION STUDY 
The accuracy of the proposed fault location algorithm 

has been evaluated by simulation study using the network 
data of a practical 20 kV radial distribution feeder 
commonly found in Iran. Fig. 7 shows the 205-node 
distribution test feeder which contains 71 km overhead 
lines and  110 number  20/0.4 kV  distribution transformers  

 
Fig. 7.  Radial distribution test feeder. 
 

TABLE I 
DISTRIBUTED GENERATORS PARAMETERS 

 

DG 
node 

Scheduled active 
power (MW) 

Scheduled reactive 
power (MVar) 

Xs  
(pu) X s (pu) 

104 0.8 0.6 1.8 0.18 
164 0.8 0.6 1.8 0.18 
205 1 0.75 1.8 0.18 

 
supplying loads. The loads are assumed to be constant 
impedance type for the purpose of this study. The total 
installed capacity of the distribution transformers is 11.16 
MVA and the maximum length between the main 
substation and a transformer is 24 km. 

The network includes three distributed generations with 
nominal power capacity of 1.25 MVA, 1.25 MVA and 1.6 
MVA, connected at Nodes 104, 164 and 205, respectively. 
The distributed generations are 400 V synchronous 
generators connected by 0.4/20 kV transformers with the 
same related synchronous generator capacity. Table I 
illustrates the parameters of the distributed generators. 

The simulations have been performed using the EMTP 
software tool [16] to model the network in time domain in 
one microsecond steps. The voltage and current phasors 
required by the algorithm at different time instants are 
calculated by Discrete Fourier Transform (DFT) using a 
data window containing 16 samples of the signals. The 
simulated faults include different fault points and different 
fault types of single-phase-to-earth, phase-to-phase, phase-
to-phase-to-earth and three-phase faults. Table II gives 
the fault point data of sending and receiving end of the 
faulted line section, the length from the beginning of 
the faulted section, and the length from the beginning of 
the test feeder.  The fault  location error  is calculated  from 

"
sX

"
gE

tV
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Fig. 8.  Effect of fault resistance on the accuracy. 
 

 
Fig. 9.  Effect of using estimated LF and PF values on the accuracy. 
 

TABLE II  
SIMULATED FAULT POINTS 

 

Sending-end 
node 

Receiving-end 
node 

Length from 
beginning of 
the setion(m) 

Length from 
beginning of 

the feeder (m) 
11 13 550 4172 
71 76 425 11432 

100 102 250 13967 
153 155 630 15592 
186 189 225 20922 

 

(%) estimated actual

actual

d d
Error

d
 (12) 

where estimatedd  and actuald  are the estimated and actual 
distance of a fault point from the main relaying point. 

Following a fault occurrence on a distribution system, in 
the range of some seconds, the breaker located at the 
measuring point at the source node of the distribution 
system is opened due to trip command of the over-current 
relay. After breaker opening, the fault location, as an off-
line process, checks all line section to find the faulted line 
section. This algorithm needs a control center in 
distribution office to pinpoint the faulted line section and 
this procedure takes less than a minute. 

In the following sections effects of fault type, fault 
resistance, load variation and DG penetration level  
are examined on the fault location accuracy in two cases of 
data acquisition. 

A. Fault Resistance 
For single-phase-to-earth faults, Fig. 8 shows the 

algorithm performance for different fault resistances from 
0  to 40  in 10  step and using average estimated LF's 
and PF's. It can be seen that as the fault resistance 
increases, the fault location error increases. However, the 
fault location error for each fault resistance reduces as the  

 
Fig. 10.  Effect of the DG active and reactive powers on the accuracy. 
 

 
Fig. 11.  Effect of various PF's and LF's on the accuracy. 
 
fault location moves away from the source. This is due to 
decrease of the ratio of the fault current to the load current. 

B. Actual and Average LF's and PF's 
Fig. 9 shows the fault location results for the actual and 

average estimated LF's and PF's for phase-to-phase faults 
with faR  and fbR  both  equal  to  5  .  The  results  
demonstrate higher accuracy when using actual LF's, as 
expected, although the errors are negligible even for 
estimated average LF's. 

C. Scheduled Active and Reactive Power 
As DG's active and reactive powers are usually different 

from their scheduled values, the fault location accuracy 
with the actual scheduled powers has been compared with 
the cases of 5% and 10% overestimation and 
underestimation of the DG active and reactive powers. The 
results are shown in Fig. 10 for single-phase-to-earth fault 
with 10  fR when using the average LF and PF values. It 
can be seen that the DG active and reactive power 
variations from the scheduled values increase the fault 
location error. For instance, by using the -10% DG active 
and reactive power mismatch from the scheduled values, 
the fault location error could be as high as 7%. 

D. LF's and PF's Variations 
In order to test the sensitivity of the fault location 

algorithm to transformer loading variations, three cases 
with  random  different  PF  and  LF  values  have  been  
considered. In all the cases the total installed transformer 
capacity of the network is 11.16 MVA. Fig. 11 shows the 
fault location results for phase-to-phase-to-earth faults 
with fR  equals to 10  and faR  and fbR  both equal to 5 

 when  average  estimated  LF  and  PF  values  are  used.  It  
can be noted that the fault location error is dependent on 
these parameters, although the error is trivial. 
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Fig. 12.  Effect of DG penetration levels with actual DG active and 
reactive powers. 
 

 
Fig. 13.  Effect of DG penetration levels when DG active and reactive 
powers are different from the actual values. 
 

E. DG Penetration Level 
In order to study the effect of DG penetration levels, 

three different cases have been considered. The first case 
only contains DG1, the second case contains 1DG  and 

2DG  and the third case contains all the DG's on the test 
feeder. The penetration levels for Case 1, Case 2 and Case 
3 are 11, 24 and 46 percent of the total network power, 
respectively. The simulation results shown in Fig. 12 and 
Fig. 13 are for single-phase-to-earth faults with fR  equals 
to 10  and average LF and PF values are used. It  can be 
seen in Fig. 13 when the DG active and reactive powers 
are not equal to their scheduled values, increasing the DG 
penetration level causes higher fault location error. 

F. Availability of DG Current Infeed Data 
In order to evaluate the effect of data limitations on the 

fault location algorithm accuracy, the algorithm is 
implemented in different data acquisition cases where 
digital fault recorders are installed at the DG feeding 
points in addition to the one installed at the head of the 
main feeder. The first case only contains the voltage and 
current data from the main substation and the other cases 
contain data from the main substation and the DG points. 
Fig. 14 shows the results for different available measuring 
points for phase-to-phase-to-earth faults with fR  equals to 
10 , faR  and fbR  both  equal  to  5  ,  and  average  
estimated LF  and PF  values are used. The cases 
considered are: 

 Case 1: DFR only at the main substation 
 Case 2: DFR at the main substation and Node 104 

Case 3: DFR at the main substation, Node 104 and 
Node 163 

 Case 4: DFR at the main substation,  Node 104,  Node  

 
Fig. 14.  Effect of different data acquisition cases on the accuracy. 
 
163 and Node 205. 

It can be seen that the fault location accuracy is almost 
unaffected in the different data acquisition cases. 
Therefore the proposed fault location algorithm has a good 
accuracy for distribution systems where there is only one 
measuring point at the main substation to avoid cost of 
DFR's and telecommunication links. 

V. CONCLUSIONS 
A new fault location method has been presented for 

distribution networks containing distributed generations. 
The algorithm is implemented in two steps. In the first 
step, by using the pre-fault voltage and current phasors 
and known scheduled injected DG active and reactive 
powers, the internal voltage of the DG's and average 
loading factor and power factor of the network are 
estimated. In the second step, after removing the DC offset 
component of the sampled voltage and current signals, the 
fault location algorithm is performed using an iterative 
process. The proposed method includes some new 
subroutines such as current calculation of DG contained 
laterals and estimation of the average LF and PF values of 
the network distribution transformers. 

In order to show the accuracy of the proposed fault 
location algorithm, simulation results have been presented 
for a 205-node 20 kV radial distribution network having 
several laterals and three DG's with up to total 46% level 
of penetration. The simulation study has considered effects 
of fault type, fault resistance, load variation, DG 
penetration levels, DG injected powers uncertainty, and 
different cases of data acquisition system installations. The 
results have indicated that the proposed algorithm has a 
very good accuracy and can be applied to practical radial 
distribution networks where limited information of 
recorded fault voltage and current signals is usually 
available only at the main substation with the added 
complexity of distribution generations. 
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