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Abstract— Distributed energy resources consideration by fault 

location formulations is a technical challenge. Stochastic behavior 
complicates deterministic solutions, while probabilistic 
approaches are yet to be fully explored. This paper presents 
analytical physics-based models towards the solution to this 
challenge. Presented models consider information availability 
from distributed energy resources to improve the fault location 
reliability. Information considered is divided into two categories: 
synchronized measurements provided by intelligent electronic 
devices located in the substation and in each terminal of 
distributed energy resources; and linear analytical-based models 
of distributed energy resources. Distributed energy resources 
models are used only when remote measurements are not 
available. Different distributed energy resources technologies and 
their operation modes are modeled. The presented fault location 
solution is validated on the IEEE 34-nodes test feeder modified. 
Easy-to-implement model, without hard-to-design parameters, 
built on the classical impedance-based fault location solution, 
indicates potential for real-life applications. 

Keywords— Fault location; Microgrids; Distributed Energy 
Resources.    

I.  INTRODUCTION 
CTIVE Distribution Networks (ADN) and Microgrids 
(MG) increase system resilience [1]. Their integration 

enables self-healing functionalities in which, the Fault Location 
(FL) plays an essential role [2]. In recent years, efforts have 
been dedicated towards the development of FL solutions for 
service restoration support and reduced outage time [3]. 
Regarding FL in distribution networks, four solutions have been 
highlighted in the literature: traveling waves-based methods 
[4], learning-based methods [5], [6], impedance-based methods 
[7]–[14] and hybrid-based methods [15].  

Impedance-based methods [3] are easy-to-implement in real-
life applications, mainly due to low cost requirements [7], [10], 
[14]. These techniques present some limitations, as the multiple 
estimation of the fault location, which can be addressed by 
hybrid methods [15].  

With the deployment of ADN and MGs, inclusion of DER 
effects in the FL formulation has become inevitable. Most of 
these technologies require a power electronic based interface, 
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referred in this paper as inverter-interfaced DER (IIDER), for 
grid connection. Other DER technologies can be connected 
directly to the grid, and they are referred in this work as Inverter 
non-interfaced DER (INIDER). 

FL solutions which consider DER effects were initially 
presented in [15]–[24]. Considering [21], [22], one common 
aspect of these works is that the DER effect is considered by a 
synchronous machine model. However, this model is only valid 
for some types of DER, as INIDER.  

Considering [15], [20], [23], FL is formulated considering 
wide-area synchronized current and voltage phasors 
measurements provided by digital fault recorders and Global 
Positioning System (GPS). These methods are robust, however 
depend strongly on the availability of the measurements at the 
DER location. Otherwise, [18], [24] use wide-area non-
synchronized measurements, though they are still wide-area 
measurement dependent. On the other hand, in previous work 
of the authors [16], [17], [19], [23], models that uses both 
synchronized measurements and an IIDER model are 
presented. Although, these FL models only considers IIDER 
when working in limiting current operation mode.  

Considering the aforementioned, this work presents 
analytical physics-based models towards the solution of the FL 
problem for MG. Simultaneously connected different DER 
technology types are considered. Wide-area measurements 
provided by Intelligent Electronic Devices (IEDs) located at the 
substation and the DER location are used. Likewise, linear 
analytical equivalent models are used to consider the DER 
effect in conditions when the information provided by IEDs are 
not available. A forward-backward sweep process is developed 
to estimate the DER current contribution to the fault location. 
The contributions of this work towards the state-of-the-art are: 
• Analytical physics-based models for DER effect 

compensation on impedance-based fault location 
solutions; 

• Consideration in the impedance-based FL formulation, of 
multiple simultaneous DER technologies types connected 
to the MG; 
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• Adaptive solution considering or not wide-area 
measurements from distributed energy resources to 
improve the fault location. 

The remainder of this paper is organized as follows. Section 
II presents the DER modelling. Section III presents the 
proposed generalized FL equations. Section IV presents the FL 
model and algorithm. Section V presents a case study. Section 
VI presents the results and discussion. Finally, Section VII 
presents the main conclusions of this work. 

II.  DER MODELLING 
The effect of DER technologies in impedance-based FL 

formulations can be modeled from their during-the-fault period 
behavior. Section A and B presents analytical models for each 
DER technology, while section C, extended models considering 
measurements provided by IEDs are introduced.  

A.  Inverter-interfaced DER (IIDER) 
IIDER, such as electrochemical, storage and renewable 

devices use a power electronic interface to connect with MG. 
This interface has an inverter as its main device. In this work, 
the grid-connected inverter equivalent model [25] is used. This 
model is formulated for a two-level Voltage Source Inverter 
(VSI), which presents two operation modes: power set point 
track mode and limiting current mode. Equation (1) defines the 
current behavior of the IIDER, where if 𝐼"# < 𝐼%&'( the IIDER 
operates in power set point track mode, and if 𝐼",*+%# ≥ 𝐼%&'( it 
operates in limiting current mode [25]. 

𝐼*# = .
/
𝑆123
3 ∙ 𝑉*#

(8):
∗

− 𝑉*#
(=) ∙ 𝑗𝜔𝐶3	𝑖𝑓	𝐼"# < 𝐼%&'(

𝐼",*+%# − 𝑉*# ∙ 𝑗𝜔𝐶3	𝑖𝑓	𝐼",*+%# ≥ 𝐼%&'(

 (1) 

With, 

𝐼"# = /
𝑆123
3 ∙ 𝑉*#

(8):
∗

+ 𝑉*#
(8) ∙ 𝑗𝜔𝐶3 (2) 

𝐼",*+%# = 2 ∙ 𝐼FGH1+%2 (3) 
where, superscripts (+) and (-) represent the positive and 

negative sequence component of the electrical properties 
respectively, ∗ denotes a complex conjugate,  𝑉*#  is the grid 
voltage for the phase w, 𝐶3  is the filter capacitor, 𝜔  is the 
angular frequency ,	𝐼"# the inductor current references,	𝐼FGH1+%2 
the inverter nominal current, 𝐼",*+%#  saturation current of the 
inverter, 𝐼%&'( the inductor current threshold, and 𝐼*# is output 
current of IIDER.     

B.  Inverter non-interfaced DER (INIDER) 
INIDER can be modeled through a synchronous generator 

model, as illustrated in Fig. 1.  

 
Fig. 1. Electrical model for inverter non-interfaced DER 

In Fig. 1, it can be seen that 𝑬JKK is the internal voltage of the 
synchronous generator, 𝑿MKK  is the sub-transient reactance and 
𝑹+ is the armature resistance. The analyzed period for the FL 
study is the sub-transient, this ensures the hypothesis that the 
concatenated flows in the rotor remain constant, similarly to the 
internal voltage. This consideration allows determining the 
internal voltage of the synchronous generator (𝑬JKK) in the pre-
fault period and to use it in the fault period to estimate the 
current contribution 𝑰G  from of DER [21], [22]. Thus, the 
INIDER model allows modeling its current contribution to the 
fault as a constant current injection, as the admittance matrix 
𝒀J can be added to the system configuration as a load, as is 
given by (4) and (5).  

[𝑰G] = S𝒀JTS𝑬JKKT (4) 
S𝒀JT = [𝒁V]=W (5) 

C.  DER effect consideration with measurements 
provided by IED 

When IEDs are installed in the terminals of DER, its effect 
on the FL can be considered by synchronized phasors 
measurements. The use of such measurements is presented in 
the following sections. 

III.  GENERALIZED FL EQUATIONS 
FL analysis is reduced to the analyzed line section 

represented through its exact line segment model, as shown in 
Fig. 2. Different faults types can be obtained from the 
combination of switches s1, s2, s3 and s4. 

 
Fig. 2.  Modelling of distribution line in fault condition 
 

The behavior of low impedance faults are purely resistive 
[26]. Taking this into account, we define 𝑄Y  as the reactive 
power consumed by the fault as (6).  

𝑄Y = S∑ ℑ\𝑉Y# ∙ 𝐼Y#
∗ ]V∈_# T = 0, (6) 

Where, ℑ{∙}  represents the imaginary part of complex 
numbers, * denotes a complex conjugate, 	𝛺V  is the set of 
faulted phases, 𝑉Y# is the fault point voltage on phase w (Volts) 
and 𝐼Y# is the fault current on phase w (Amps). From Fig. 2, 
𝑉Y#and 𝐼Y# are obtained by (7) and (8), respectively.  

𝑉Y# = 𝑉d# + 𝑑
f ∙ 0.5 ∙ ∆𝑣V − 𝑑 ∙ ∆𝑢V, (7) 

𝐼Y# = 𝐼l# − 𝐼F#,	 (8) 

∆𝑣V = m 𝑍'#o ∙ p m 𝑌r#s ∙
&t{+,u,r}

𝑉ds
3v

Jt{+,u,r}

 (9) 
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∆𝑢V = m 𝑍'#o ∙ 𝐼dYo
Jt{+,u,r}

	 (10) 

And 𝑑 is the fault distance (km), 𝑍'#o is the element 𝑤𝑔 of 
the line series impedance matrix (Ohms/km), 𝑌r#s  is the 
element 𝑤ℎ  of the line shunt admittance matrix (Ohms/km), 
𝑉ds
3  is the terminal k voltage on phase ℎ (Volts), and 𝐼dYo is the 

current 𝑘𝐹 on phase 𝑔 (Amps). 𝐼l# and 𝐼F# are the currents on 
phase w that feed the fault as shown in Fig. 2.  Replacing (7) 
into (6), is obtained (11) and (12). 

𝑄Y = S∑ ℑ\|𝑉d# + 𝑑
f ∙ 0.5 ∙ ∆𝑣V − 𝑑 ∙ ∆𝑢V} ∙ 𝐼Y#

∗ ]V∈_# T = 0, (11) 

𝑄Y = 0.5 ∙ 𝑑f ∙ m ℑ\∆𝑣V ∙ 𝐼Y#
∗ ]

V∈_#

− 𝑑 ∙ m ℑ\∆𝑢V ∙ 𝐼Y#
∗ ]

V∈_#

+ m ℑ\𝑉d# ∙ 𝐼Y#
∗ ]

V∈_#

= 0	
(12) 

Equation (12) can be rewrite as a second-order polynomial 
in 𝑥 as shown in (13).  

𝑎f ∙ 𝑑f + 𝑎W ∙ 𝑑 + 𝑎� = 0 (13) 
where 𝑎�, 𝑎W  and 𝑎f  are given by (14), (15) and (16), 

respectively.   

𝑎� = m ℑ\𝑉d# ∙ 𝐼Y#
∗ ]

V∈_#

 (14) 

𝑎W = − m ℑ�p m 𝑍'#o ∙ 𝐼dYo
Jt{+,u,r}

v ∙ 𝐼Y#
∗ �

V∈_#

	 (15) 

𝑎f = m ℑ�p m 𝑍'#o ∙ / m 𝑌r#s ∙
&t{+,u,r}

𝑉ds
3:

Jt{+,u,r}

v ∙ 𝐼Y#
∗ �

V∈_#

	 (16) 

Two mathematical solutions are possible for (13). The fault 
distance, 𝑑, that represents the physically correct solution, can 
be identified as presented in [27]. Section 4 presents an 
algorithm that apply the FL formulation in each line section of 
the MG, until the fault section is identified.  

IV.  FL MODEL AND ALGORITHM  
The FL algorithm is divided into four data processing steps, 

as illustrated in Fig. 3. The steps are explained in the following 
subsections. 

A.  Step 1: Processing information of ADN, substation 
fault records and DER information 

In this step, MG system data, such as its topology and the 
parameters of loads and lines are uploaded. Fault voltage and 
current phasors recorded in the main substation are estimated 
[26]. Then, considering initially the DER information available, 
it is processed. For each DER with available IED in their 
terminals, measured fault current phasors are considered. In 
cases when IED are not installed in the terminals of DER, or 
their information is not available, DER electrical models 
previously presented are used.  

B.  Step 2: Estimation of the fault distance in each line 
section 

As the fault line section is unknown, the generalized FL 
equation (13) is applied to each section of the MG, until faulty 
line section is identified. This fault line section is identified 

when a fault distance 𝑑 estimate is smaller than the length of 
the line section analyzed (𝑑(*)  < 𝑙d ), as shown in Fig. 2.  
However, to estimate the fault distance, the fault current has to 
be estimated first. From Fig. 2, the fault current vector is 
defined as shown in (17). 

[𝑰Y] = S𝑰l
3 T− S𝑰F

3 T  (17) 
S𝑰l
3 T = −[𝜶(] ∙ S𝑽d

3T + [𝜷(] ∙ S𝑰d,Y
3 T (18) 

[𝜷(] = [𝑰] + 0.5 ∙ 𝑑f ∙ S𝒁'�,���T ∙ S𝒀��T  (19) 

[𝜶(] = 𝑑 ∙ S𝒀��T + 0.25 ∙ 𝑑
� ∙ S𝒀��T ∙ S𝒁'�,���T ∙ S𝒀��T  (20) 

  

 
Fig. 3.  Flowchart of the FL algorithm  

And S𝑰F
3 T is the current downstream to the fault point and is 

estimated from a forward-backward sweep process as explained 
in the following, step 3. As the distance 𝑑  depends on the 
current S𝑰F

3 T and this current is defined as a function of 𝑑, an 
iterative process to refine the current [𝑰F]  is performed as 
shown in Fig. 3. Thus, the current S𝑰F

3 T is initialized as the pre-
fault (𝑝) current in terminal k, as defined in (21).  

S𝑰F
3 T = S𝑰d,Y

� T (21) 

C.  Step 3: Estimation of the fault current contribution 
from the downstream circuit to the fault point. 

A forward-backward sweep process is used to estimate the 
current S𝑰F

3 T, given that this current depends on the current 
contribution from DER. This process is applied to the 
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downstream circuit of the fault point, considering the voltage at 
the fault point given by (22) as the supply voltage.  

[𝑽Y] = S𝑽d
3T+ 0.5 ∙ 𝑑f ∙ [∆𝒗]− 𝑑 ∙ [∆𝒖] (22) 

[∆𝒗] = S𝒁'�,���T ∙ S𝒀��T ∙ S𝑽d
3T (23) 

[∆𝒖] = S𝒁'�,���T ∙ S𝑰d,Y
3 T (24) 

The forward-backward sweep process is composed of two 
sweeps: a backward sweep and a forward sweep. In the 
backward sweep, the three-phase voltage vectors are estimated 
with (25), using the line currents estimated in the previous 
iteration. In the first iteration, the voltages of the system are 
initialized as the voltage in the fault point ([𝑽d] = [𝑽Y]).  

S𝑽d8W
3 T = [𝑨] ∙ S𝑽d

3T− [𝑩] ∙ S𝑰d8W
3 T (25) 

Similarly, forward-sweep estimates the voltage and current 
phasors in all the nodes. This process is carried out, starting 
from the farthest nodes to the source node. Fig. 4 illustrates this 
process. 

 
Fig. 4.  Fault current estimation flowchart. 

 
The states are estimated through (26) and (27) using the 

three-phase voltage estimated in the previous iteration. 
S𝑽d

3T = [𝒂] ∙ S𝑽d8W
3 T + [𝒃] ∙ S𝑰d8W

3 T (26) 
S𝑰d
3T = [𝒄] ∙ S𝑽d8W

3 T + [𝒅] ∙ S𝑰d8W
3 T (27) 

where, [𝑨], [𝑩], [𝒂], [𝒃][	𝒄]  and [𝒅]  are the impedance 
matrices for series feeder components. These impedance 
matrices are defined in [28].  

Thus, when the algorithm initiates, the three-phase current 
vectors S𝑰d8W

3 T in the end nodes are estimated using the voltage 
vector computed in the previous iteration and the model of the 
component connected. Table I presents the components and the 
expression used in the estimation of S𝑰d8W

3 T. 
With the currents S𝑰d8W

3 T  in the end nodes estimated, 
equations (26) and (27) are applied to compute the three-phase 
voltage and current vectors in all the system's nodes. 

TABLE I 
ESTIMATION OF S𝐼d8W

3 T IN THE END NODES FROM MODELS OF THE COMPONENT 
CONNECTED. 

Component Description Equation 
shunt 

components 
loads or capacitor banks. Admittance 
matrices are defined in [28]. 

S𝑰d8W
3 T

= [𝒀d8W]S𝑽d8W
3 T 

DER 

with 
IED 

available 

S𝑰d8W
3 T  is defined from synchronized 

phasors provided by IED S𝑰�GF
3 T. 

S𝑰d8W
3 T

= −S𝑰�GF���
3 T 

without 
IED 

available 

[𝑰*]  is estimated in function of the 
inverter operation modes by (1). S𝑰d8W

3 T = −[𝑰*] 

[𝑰G]  is estimated in function of the 
internal voltage of the synchronous 
generator and the sub-transient 
reactance as shown in  (4). 

S𝑰d8W
3 T = −[𝑰G] 

 
Finally, the forward and backward sweeps process are 

carried out until achieve a convergence criteria given by (28). 
 

�[𝑽Y] − S𝑽123
3 T� ≤ 𝑇�YM  (28) 

D.  Step 4: Update voltages and current vector and 
distance from the substation up to the fault point 

If the fault is estimated downstream the first system section, 
then the values of voltage and current measured at the local 
terminal are updated to the next system buses by (29) and (30). 

 
S𝑽d8W

3 T = [𝜷'] ∙ S𝑽d
3T− 𝑙d,d8W ∙ S𝒁𝒌,𝒌8𝟏TS𝑰d,d8W

3 T (29) 
S𝑰d8W,d8f
3 T = −[𝜶'] ∙ S𝑽d

3T+ [𝒅'	]S𝑰d,d8W
3 T − S𝑰"���

3 T
+ S𝑰FGH

3 T 
(30) 

 
Where [𝜷'],	and [𝜶'] are obtained by (17) and (18) with 𝑑 =

𝑙d,d8W, being 𝑙d,d8W the current line section length. S𝑰FGH
3 T is the 

current contribution from laterals that have DERs and are 
connected at node k+1, which is estimated by the ladder-based 
technique. Besides, after estimating the fault point, the distance 
𝑑* from the substation to the fault is also estimated by (31).  

 

𝑑* = m 𝐿�

�%=W

�tW

+ 𝑑 (31) 

V.  CASE STUDY 
The presented FL algorithm is validated considering the 

IEEE 34-nodes test feeder [29]. This feeder is located in the 
state of Arizona (USA) and operated at a voltage level of 24.9 
kV. Its main features are the presence of single, two-phase, and 
three-phase laterals, multiple wire sizes as well as unbalanced 
loads. The system is modeled in ATP–EMTP and modified by 
adding several DER, which can be IIDER or INIDER, 
depending on the case evaluated in Table II and as is illustrated 
in Fig. 5. The INIDER was modelled as a source behind an 
impedance [21] and IIDER by the fault response of IIDER 
presented in [25]. IIDER was programmed in ATP-EMTP by 
using MODELS tool [30]. System loads are modelled as 
constant impedances. The presented method was validated 
considering five scenarios. Table II presents a summary of the 
tests performed to validate the proposed method.  
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Fig. 5. IEEE 34-node test feeder with integration of DER. 
 

VI.  TEST RESULTS AND DISCUSSION 
The results obtained were evaluated considering an error 

given by (32): 
𝑒𝑟𝑟𝑜𝑟 = 𝑑12+' − 𝑑2*%  (32) 

where, 𝑒𝑟𝑟𝑜𝑟  is the relative error given in kilometers, 
𝑑12+' 	 is the real fault distance in kilometers, simulated in 
ATP/EMTP, 𝑑2*% is the estimated fault distance in kilometers. 
The length of MG is 57.8 km.  

The following subsections present the results obtained for 
the scenarios proposed in Table II. 

 

A.  Scenario 1: Effect of fault resistance 
For this scenario, the DER effect is considered as follows:  
DER1-linear analytical equivalent models for the different 

inverter operation modes; DER2-the approximate model of the 
synchronous generator and DER3-synchronized current 
phasors provided by IED. All simulated faults are located in the 
primary feeder. Test results are presented by performance 
curves, as shown in Fig. 6. Further, statistics of the estimation 
error are also presented, through a boxplot, as shown in Fig. 6.  

The boxplot shows the distribution of errors for each fault 
type and for each fault resistance range for the proposed 
method. From Fig. 6 one can observe an increase of the error 
when the fault resistance increases. Thus is an expected effect 
on impedance-based FL methods, since as the fault resistance 
increases, it tends to be comparable with the system impedance 
observed from the substation and this feature affects the FL 
methods performance [31]. Nonetheless, the errors obtained for 

this scenario show the efficiency and robustness of the proposed 
method, with maximum errors of less than 800 m for fault 
resistance of 100Ω in a 57.8 km feeder. 

 

 
Fig. 6. Effect of fault resistance on the proposed method.  
 
 
 

Fault distance (km) 



TABLE II 
FAULT SCENARIOS TO VALIDATE THE PROPOSED FL APPROACH 

Scenario Description Faults 

Effect of 
the fault 

resistance  

Fault location: all nodes of the primary feeder 

2299 

Fault type: all 

Fault resistance between: 0.0005Ω-100Ω  

Number of the DER connected: 3 

DER penetration level: 10% for each unit 

 Effect of 
DER 

penetration 
level 

Fault type: single-phase faults  

171 

Fault resistance: 10Ω 

DER penetration level: 10%, 20%, 30% 

Number of the DER connected: 1 

DER type: IIDER and INIDER 

Effect of 
errors of 

DER 
information 

DER penetration level: 30% 

171 

Number of the DER connected: 1 

Error in the current phasors: ±10%, ±30% 

DER type: INIDER 

Error in the sub-transient reactance: ±10%, ±30% 

DER type: INIDER 

Error in the power set-point: ±10%, ±30% 

DER type: IIDER 

Effect of 
number of 

DER 
connected 

case 1: Number of DER connected: 1 , bus 840 

171 

DER penetration level: 30% 

case 2: Number of DER connected: 2, bus 840, 848 

DER penetration level: 15% for each unit 

case 3: Number of DER connected: 3, bus 840, 848 
and 814 

DER penetration level: 10% for each unit 

DER type: IIDER and INIDER 

Effect of 
random 

load 
variation 

Random load variation: 30-60%, 60-100% and 100-
150% 

51 Fault type: single-phase faults  

Number of the DER connected: 3 

DER penetration level: 10% for each unit 

 Total 2863 

B.  Scenario 2: Effect of DER penetration level 
For this scenario, two cases are analyzed: effect of INIDER 

penetration level and effect of IIDER penetration level. For the 
first case, the synchronized current phasors provided by IED 
and the approximate model of the synchronous generator are 
used to consider the DER effect. In the second case, linear 
analytical equivalent models for the different inverter operation 
modes are used to consider the DER effect. The results are 
presented in a performance curve, which shows the percentage 
error as a function of the fault distance.  

 
Fig. 7 to 9 present the performance for the proposed method 

under DER penetration level effect. The results show an effect 
to estimate a distance smaller than the real fault distance, as the 
DER penetration level increases. This behavior occurs because 
the error associated with the estimation of the current 

contribution increases with the DER penetration level. Thus, 
this error induces estimating a current contribution greater than 
the real current contribution. Therefore, a greater fault current 
is estimated, which makes the proposed method estimates a 
smaller fault distance. However, for both considerations, i.e. 
when the synchronized current phasors provided by IED or the 
linear analytical equivalent models of the DER are used; the 
method performance is satisfactory, presenting estimation 
errors smaller than 600 m. 

 
Fig.7. Effect of DER penetration level on the proposed method using the 
synchronized current phasors provide by IED 

 
Fig.8. Effect of DER penetration level on the proposed method using the 
approximate model of the synchronous generator. 

 
Fig.9. Effect of DER penetration level on the proposed method using the linear 
analytical equivalent models for the different inverter operation modes. 

C.  Scenario 3: errors on DER information 
The results for this scenario are presented in Fig.10, 11 and 

12.  

 
Fig.10. Effect of errors of DER information on the proposed method using the 
synchronized current phasors provided by IED 



 
Fig.11. Effect of error of DER information (sub-transient reactance) on the 
proposed method using the approximate model of the synchronous generator. 

 
Fig.12. Effect of errors of DER information (power set-point 𝑆123 ) on the 
proposed method using the linear analytical equivalent models for the different 
inverter operation modes.  

Fig. 10 presents the performance for the proposed method 
considering errors the current phasors provided by IED. The 
results indicate that the proposed method presents sensitivity to 
errors on the measurements. One can observe that for errors 
between ± 30% on the DER's current phasor, there are 
maximum errors of ±800 m in the fault distance estimation. In 
the same way, test results show a correlation between the 
method's performance and the characteristic of the errors. Thus, 
for negative errors, errors that infer a lower current phasor 
estimation, the method's effect is to estimate a fault distance 
smaller than the real distance to the fault point, and vice-versa.  

Similarly, Fig. 11 presents the presented methods 
performance under error in the sub-transient reactance. For this 
scenario, a small sensitivity for sub-transient reactance errors is 
observed. However, when the error is increased significantly, 
the method increases its computational time, evidencing 
difficulty for its convergence and in one case finishing the 
ladder-based technique by number of iterations. This case is 
reflects in an high estimation error. On the other hand, Fig. 12 
shows the proposed method performance under errors in the 
power set-point 𝑆123 . Similarly, to the first case, there is a 
correlation between the method's performance and the errors in 
𝑆123	estimation. This weak correlation shows a low sensitivity 
of the proposed method to the errors in the estimation of 𝑆123, 
where one case observe estimation errors smaller than 120 m. 

D.  Scenario 4: Effect of number of DER connected 
To analyze the effect of the number of DER connected, three 

cases showed in the Table II were studied. The results for this 
scenario are presented in Fig. 13, 14 and 15. Test results show 
a similar behavior for the method’s performance when 1 or 2 
DER are connected into MG. Nevertheless, an increase in the 
estimation error appears when a third DER unit is connected. 
This error is associated with the location of DER-3. This shows 

that the presented method is sensitive to DER allocation. 
However, this sensitivity does not significantly affect the 
method's performance. The maximum errors obtained for this 
scenario are 15 m, 180 m, and 600 m in a 57.8 km feeder for the 
Fig.13 to 15 respectively. 

 
Fig.13. Effect of number of DER connected on the proposed method using the 
synchronized current phasors provide by IED 

 
Fig.14 Effect of number of DER connected on the proposed method using the 
linear analytical equivalent models for the different inverter operation modes.  

 
Fig.15. Effect of number of DER connected on the proposed method using the 
approximate model of the synchronous generator. 

E.  Scenario 5: Effect of random load variation 
The results for this scenario are presented in the Fig. 16. 

 
Fig.16. Effect of random load variation. 

For test results obtained with a random load variation of 
100% -150%, the presented method exposed an 
underestimation behavior of the fault distance. However, for 
scenarios where a lower load on the system was considered 
(random load variation of 30-60% and 60-100%), its behavior 



is of underestimation the fault distance in the first line sections 
and overestimation for the last line sections of the network. This 
behavior appears since the load variation is not compensated, 
making the method, for the first sections, to consider a higher 
load since it uses the nominal load of the system. Thus, a lower 
impedance is observed by the approach and, therefore, a smaller 
distance to the fault. For the last line sections, the methodology 
observes a higher impedance due to when updating currents at 
the local terminal, a greater load is considered. Consequently, 
this causes a lower current in the next section to be estimated 
and, therefore, the proposed method estimates a higher distance 
to the fault. The previous shows that, the proposed method 
presents a small sensitivity to load variations. 

VII.  CONCLUSION 
This paper presents analytical physics-based models towards 

FL in MG. The presented method uses a backward-forward 
sweep process to consider the effect of different DER 
technologies in the fault location formulation. Wide-area 
synchronized measurements are considered, when available. 
Small estimation errors in the fault distance are obtained for all 
fault scenarios evaluated. That said, when considering wide-
area measurements, high sensitivity to measurement errors are 
highlighted. Presented models are flexible considering the 
effect of the DER, through synchronized current measurements 
provided by IEDs or using local information through the linear 
analytical equivalent models of DER. This guarantees that, if 
there is a lack of communication or synchronism between the 
measurements, the fault location can be still estimated. Test 
results demonstrated the accuracy and robustness of the 
presented method under several effects such as: fault resistance, 
DER penetration level, numbers of DERs connected, load 
variation and errors in the DER information.  
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