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  Abstract—Increasing penetration of inverter-based resources 
(IBRs) undermines the performance of conventional protection 
systems since IBRs’ fault characteristics are fundamentally 
different from those of synchronous generators. In this paper, a 
PMU-based backup protection method is proposed for power 
transmission systems with high penetrations of IBRs. The method 
involves replacing all IBRs and the line suspected to be faulty by 
proper nodal current sources. For accurately detecting the faulted 
line from the set of candidates, a residual-based index is proposed, 
utilizing the concept of superimposed circuits and the weighted 
least-squares method. The method's robustness in the face of 
influential factors, including input errors, settings, numbers, and 
locations of IBRs is investigated through extensive simulations on 
the IEEE 39-bus test system.  
 
Index Terms— Inverter-based resource (IBR), synchrophasor, 
superimposed circuits, wide-area backup protection. 

I.  INTRODUCTION 

ENEWABLES are usually connected to the rest of the 
electricity grid through power-electronic inverters as 

interface. This enables inverter-based resources (IBRs) to offer 
distinguished controllability characteristics and fulfill their 
control targets within a few milliseconds [1]. IBRs exhibit 
fundamentally different fault behaviors compared to 
synchronous generators, making the design philosophies of 
conventional protections less reliable or even invalid. In 
addition to the inherent deficiencies of local protection systems, 
protection problems caused by high penetration of IBRs are 
evidenced by increasing misoperation/malfunction cases of 
protection functions [2]-[6].  

There has been significant academic interest in the 
improvement of protection methods, specifically within power 
systems that integrate a large amount of renewable energy 
sources [7]-[9]. Wide-area backup protection (WABP) is 
notably advantageous due to its ability to access a greater 
number of more accurate measurements compared to 
conventional local protection methods [10]. The majority of 
WABP methods proposed thus far have been designed for 
conventional power systems. Most of these methods suffer 
from the nonlinearity of formulations and normally rely on a 
specific set of input phasors and cannot tolerate PMU losses or 
long communication latencies [11]-[13].  

Synchronous generators are modeled as an impedance in 
series with a voltage source in many WABP methods [14]-[18]. 

This modeling technique, however, cannot be employed for 
IBRs because of their distinctive fault behaviors, which calls 
for innovative solutions. In recent years, some WABP methods 
have included IBRs. The authors in [19] present a method that 
complements distance protection by WABP. One major 
shortcoming of this method is its reliance on specific PMU 
placements. The method of [20], focuses on transmission 
systems with a significant presence of IBRs by utilizing 
negative-sequence components. However, a limitation of this 
method is that it only accounts for asymmetrical faults.  

This paper presents a novel WABP method designed for the 
protection of power systems in the presence of high-level 
penetration of IBRs. The method takes into consideration the 
non-linear behavior and low-voltage ride-through (LVRT) 
characteristics of IBRs, regardless of their number and 
placement. In this paper, IBRs are substituted by current 
sources based on the Substitution Theorem [15], whose values 
will be either measured by PMUs or obtained based on IBR’s 
Grid Code requirements [21]-[22]. The faulted line is 
substituted by two unknown nodal current sources, facilitating 
the estimation of unknown currents through the utilization of 
the weighted least-squares (WLS) method. A closed-form 
residual-based index is put forward to determine the validity of 
estimation, which makes it possible to identify the faulted line 
amongst candidate ones. 

The rest of this paper is structured as follows. Section II 
describes the common configuration and control strategies of 
IBRs. The formulation used for faulted line identification is 
detailed in Section III. Section IV explains the modifications 
applied to account for the high penetration of IBRs. Simulation 
results and comparison studies are discussed in Section V. 
Finally, Section VI puts forward the concluding remarks.  

II.  ARRANGEMENT AND CONTROL SYSTEM OF IBRS 

This section addresses the configuration and power control 
strategy applied to IBRs with regard to compliance with Grid 
Code requirements. Fig. 1 shows the typical arrangement and 
control system for a voltage source converter as an IBRs. As 
shown, the inner controller’s current references are determined 
by the outer controller. Then, these are converted to control 
references used for the PWM controller [1]. 

The currents and terminal voltages of IBRs are initially 
expressed in the stationary 𝛼𝛽 frame, from which the positive-
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sequence quantities are extracted [1]. For example, positive-
sequence current quantities in 𝛼𝛽 frame can be calculated as 
follows: 

 ቈ
𝑖ఈ

ା

𝑖ఉ
ା቉ =

ଵ

ଶ
൤
 1 −𝑗 
 𝑗 1

൨ ൤
𝑖ఈ

𝑖ఉ
൨  (1) 

in which “𝑗” refers to a 90o anticlockwise shift in the phase 
angle, and the superscript “+” refers to positive-sequence 
components. Finally, these quantities are converted into the 
rotating dq frame, i.e. 𝑖ௗ

ା and 𝑖௤
ା [1]. 

As can be seen in Fig.1, in both normal operating conditions 
and during faults, the primary function of the outer controller 
entails the regulation of the active and reactive power 
references. [1]. Grid Codes usually standardize the operation of 
IBRs during fault conditions, known as LVRT requirements 
[21]-[22]. To this end, they inject additional positive-sequence 
reactive current to provide voltage support. Various LVRT 
requirements are defined in Grid Codes for different IBRs. For 
instance, Fig. 2 illustrates the reactive current injection of a 
wind turbine as mandated by reference [21]. It is observed that 
wind turbines are obligated to inject positive-sequence reactive 
current that is proportionate to the voltage drop experienced 
during fault.  

III.  IDENTIFICATION OF THE FAULTED LINE 

 Using the superimposed circuit methodology presented in 
[15], a set of linear equations is formulated for each candidate 
faulted line. This methodology involves substituting the 
candidate line with two appropriate nodal current sources. 
Within WABP’s time frame of interest, the sub-transient 
impedance of synchronous generators can serve as a substitute 
for synchronous generators in the superimposed circuit [12], 
[15]-[16]. This research paper replaces IBRs by unknown nodal 
current sources. The weighted sum of squared residuals 
(WSSRs) is utilized for identifying the faulted line, as explained 
in subsection III-B. It is shown that replacing all IBRs by 
unknown current sources might excessively increase the 
quantity of unknowns in the set of equations and raise 
unsolvability concerns [23]. Then, a method is proposed in 
Section IV for reducing the number of unknowns. 

A.  Systems of Equations for Each Candidate Line  

Let us assume that a line i-j is the faulted line. As can be seen 
in Fig. 3, ∆𝐽௝,௜

ା , ∆𝐽௜,௝
ା , and ∆𝐼௥

ା are used to denote the 
superimposed currents of the receiving- and sending-ends of 
this line, and the IBR at bus r, respectively. The superimposed 
voltage at an arbitrary bus, e.g., bus q, in the positive-sequence 
circuit, can be calculated as below:  

 ∆𝑉௤
ା = ∑ 𝑍௤,௥

ାே௥
௥ୀଵ ∆𝐼௥

ା + 𝑍௤,௝
ା ∆𝐽௝,௜

ା + 𝑍௤,௜
ା ∆𝐽௜,௝

ା   (2) 

Where the indices of buses with IBRs are denoted by 1 to Nr, 
and 𝒁ା denotes the bus impedance matrix of the system in the 
positive-sequence circuit excluding IBRs and line i-j. 

Let ∆𝐽௨,௪
ା  denote the positive-sequence superimposed current 

of a healthy line u-w at its sending end. This current can be 
calculated with respect to the nodal current sources as follows: 

 ∆𝐽௨௪
ା = ∑ 𝐶௨௪,௥

ே௥
௥ୀଵ ∆𝐼௥

ା + 𝐶௨௪,௜∆𝐽௜,௝
ା + 𝐶௨௪,௝∆𝐽௝,௜

ା  (3) 

The derivation of 𝐶௨௪ is presented in [15]. If any superimposed 
phasors, i.e., ∆𝑉௞

ା, ∆𝐽௨௪
ା , ∆𝐼௥

ା, ∆𝐽௜,௝
ା , and ∆𝐽௝,௜

ା  are directly 
measured by PMUs, the set of equations (4) can be developed 
for the superimposed synchrophasor measurements acquired:  

 

⎩
⎪⎪
⎨

⎪⎪
⎧

∆𝑉௤
௠௘௔௦,ା = ∆𝑉௤

ା + 𝑒௏(௞)

∆𝐽௨௪
௠௘௔௦,ା = ∆𝐽௨௪

ା + 𝑒௃(௨௪)

∆𝐼௥
௠௘௔௦,ା = ∆𝐼௥

ା +  𝑒ூ(௥)        

∆𝐽௜,௝
௠௘௔௦,ା = ∆𝐽௜,௝

ା + 𝑒௃(௜௝)

∆𝐽௝,௜
௠௘௔௦,ା = ∆𝐽௝,௜

ା + 𝑒௃(௝௜)

 (4) 

In this set of equations, the superscript “meas” stands for 
measured phasors, and 𝑒 is the corresponding measurement 
error.  Fig. 3 shows an illustrative example of the faulted circuit, 
and (4) remains valid regardless of whether an IBR is installed 
at either terminal of the faulted line.  

Let us assume 𝑝 is the number of available synchrophasors 
at the control center. For these synchrophasors, an 
overdetermined set of linear equations can be formulated using 
(4) for each line as below: 

 𝒎௣×ଵ = 𝑯௣×(ଶାே௥) 𝒙(ଶାே௥)×ଵ + 𝜺௣×ଵ  (5) 

 

in which vectors m and 𝜺 denote the vector of superimposed 
measurements and the superimposed errors, respectively. 
Moreover, 𝑯 denotes the coefficient matrix. The dimensions of 
these vectors are shown as subscripts. The vector 𝒙 includes the 
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Fig. 1. Common arrangement and control system of IBRs. 
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unknown current sources representing the candidate line and all 
IBRs as follows: 

 𝒙 = ൣ∆𝐽௜,௝
ା     ∆𝐽௜,௝

ା     ∆𝐼ଵ
ା …  ∆𝐼ே௥

ା    ൧
்
  (6) 

The WLS method estimates the vector 𝒙  to be: 

 𝒙ෝ = (𝑯∗𝑹ି𝟏𝑯)ିଵ𝑯∗𝑹ି𝟏𝒎  (7) 

where R is the covariance matrix of superimposed errors, and 
the asterisk denotes the conjugate transpose operator. The k-th 
diagonal element of R is equal to the variance attributed to the 
error of the k-th superimposed measurement [15]. 

B.  Identification of the Faulted Line  

Equation set (5) can be formed for every line (assuming that 
the candidate line is truly faulted). Using the WLS method, the 
WSSR of every such line is minimized and calculated as below: 

 WSSR = [𝒎 − 𝑯𝒙ෝ]∗𝑹ି𝟏[𝒎 − 𝑯𝒙ෝ] (8) 

For the faulted line, all measurements hold true in (5). Thus, the 
WSSR associated with the faulted line takes a zero value if 
measurements are error-free. Conversely, the WSSR of non-
faulted lines takes non-zero values. This is because their 
coefficient matrices do not correspond to or have meaningful 
relations with the measurements taken [15]. Thus, the smallest 
WSSR obtained indicates the faulted line.  

IV.  ACCOUNTING FOR THE HIGH PENETRATION OF IBRS  

In the formulation just put forward, every IBR is modeled as 
a nodal current source in the positive-sequence superimposed 
circuit. The nodal current sources modeling the IBRs whose 
terminals are monitored by PMUs appear in both vectors 𝒎 and 
𝒙 in (5). From linear algebra, including such variables in vector 
𝒙 does not create unsolvability concerns because its 
corresponding row in the matrix 𝑯 has only one non-zero entry 
[23]. However, assuming a PMU at every IBR terminal may not 
be practical. Within this section, a technique is put forth to 
effectively diminish the quantity of unknown variables. 

A.  Rearranging the System of Equations 

In this study, an IBR is called monitored if a PMU at its 
terminal measures its current and voltage synchrophasors. An 
unmonitored IBR refers to an IBR whose current/voltage 
synchrophasors are not taken by PMUs. The current sources 
replacing the faulted line and unmonitored IBRs are the only 
unknowns in (5) to be estimated by (7). This, however, will not 
be feasible when the number of unknowns in 𝒙 exceeds the rank 
of 𝑯 [15], [23]. The knowledge of the LVRT characteristics of 
IBRs can be exploited to overcome the preceding unsolvability 
concerns by reducing the number of unknowns. The number of 
monitored and unmonitored IBRs are denoted by 𝑁𝑚 and 𝑁𝑛, 
respectively. The system of equations (5) can be rearranged as 
follows: 

 𝒎௣×ଵ
௠௢ௗ = 𝑯௣×(ଶାே௠) 

௠௢௡ 𝒙(ଶାே௠)×ଵ
௠௢௡ + 𝜺௣×ଵ  (9) 

where 

 𝒎௣×ଵ
௠௢ௗ = 𝒎௣×ଵ − 𝑯௣×ே௡ 

௨௡௠  𝒙ே௡×ଵ
௨௡௠   (10) 

where 𝒙௠௢௡ contains the nodal current sources representing the 
candidate line, i.e., ∆𝐽௜,௝

ା  and ∆𝐽௝,௜
ା , plus those current sources 

representing the monitored IBRs. The matrix 𝑯௠௢௡ contains 
the coefficients corresponding to the variables in 𝒙௠௢௡. The 
vector 𝒎௠௢ௗ  is the modified measurement vector from which 
the contributions of the superimposed currents of unmonitored 
IBRs are excluded. Moreover, the vector 𝒙௨௡௠ only includes 
the superimposed currents of unmonitored IBRs, whose related 
coefficients are arranged in the matrix 𝑯௨௡௠.  

In the proposed method, initially, the unknown currents 
resulting from unmonitored IBRs are not taken into 
consideration, which means 𝒎௠௢ௗ  is set equal to 𝒎 in the first 
step. This enables us to calculate an initial estimation for the 
nodal currents representing the candidate line by solving (9). 
Then, an initial estimation of the positive-sequence 
superimposed voltage at the unmonitored IBRs' terminals can 
be obtained by (2). As will be detailed in subsection IV-B, the 
superimposed currents of unmonitored IBRs in 𝒙௨௡௠  can be 
approximated using their terminal voltage and LVRT 
characteristics. Then, 𝒎௠௢ௗ  is updated by (10). Next, the 
vector 𝒙௠௢௡ is also updated by solving (9). This process 
continues until the alterations in the vector 𝒙௨௡௠ caused by an 
iteration become insignificant. Finally, the WSSR for every line 
is calculated to identify the actual faulted line. 

B.  Modeling Unmonitored IBRs 

The modified system of (9) only includes the superimposed 
nodal currents of the monitored IBRs and the nodal currents 
representing the candidate line. The solution of (9) gives the 
WSSR indices. This is irrespective of the number of 
unmonitored IBRs, whose contributions will be estimated 
separately based on their LVRT characteristics and 
incorporated in the formulation by (10). As a result, only two 
actual unknowns remain in (9) that represent the candidate line 
in the superimposed circuit. This is because other variables in 
𝒙௠௢௡ are also present in the measurement vector. This approach 
eliminates the unsolvability concerns introduced by the 
presence of unmonitored IBRs, thus ensuring the solvability of 
the overall system of equations. 

Under normal conditions, an IBR operates to inject both 
active and reactive power in accordance with its predetermined 
reference settings. The control references of IBRs during a fault 
are adjusted based on their terminal voltages and LVRT 
characteristics. In this regard, the LVRT characteristics of IBRs 

i j

ΔIr
+ΔI1

+ ΔINr
+

ΔJi,j
+ ΔJj,i

+

1  r Nr

Sequence “s” of the 
Remaining Circuit

 
 
 

Fig. 3. Positive-sequence superimposed circuit following a fault on line i-j. 
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should meet the Grid Code requirements [21]-[22]. As shown 
in Fig. 2, the amount of voltage drop at an IBR terminal 
determines the required modification the IBR should apply to 
its reactive current injections. It is reasonable to assume that 
LVRT characteristics are available in the control center.  

The positive-sequence superimposed current of an IBR 
connected to bus r is derived by subtracting the IBR’s pre-fault 
current, denoted by 𝐼௥

ା,௣௥௘, from its post-fault current, denoted 
by 𝐼௥

ା,௣௢௦௧ . These currents can be obtained from:  

 𝐼௥
ା,௣௥௘

=
ቀ௉ೝ೐೑

೛ೝ೐
ି௝ொೝ೐೑

೛ೝ೐
ቁ

ቀ௏ೝ
శ,೛ೝ೐

ቁ
∗  (11) 

 𝐼௥
ା,௣௢௦௧

=
ቀ௉ೝ೐೑

೛೚ೞ೟
ି௝ொೝ೐೑

೛೚ೞ೟
ቁ

ቀ௏ೝ
శ,೛೚ೞ೟

ቁ
∗  (12) 

where 𝑉௥
ା,௣௥௘ , 𝑃௥௘௙

௣௥௘ , and 𝑄௥௘௙
௣௥௘  represent the pre-fault voltage at 

bus r in the positive-sequence circuit, and the active and 
reactive power references of the IBR, respectively. The 
superscript “pre” and “post” refer to the pre- and post-fault 
values, respectively. The pre-fault bus voltages are typically 
available in the control center as the output of state estimation 
methods [24]. The control center is assumed to know the pre-
fault power references. Accordingly, 𝐼௥

ା,௣௥௘  can be readily 
calculated using (11).  

Obtaining 𝐼௥
ା,௣௢௦௧  from (12), however, is trickier as the post-

fault voltage and power references are to be calculated. The 
post-fault voltage at bus r in the positive-sequence circuit can 
be calculated using the pre-fault voltage and the estimated 
superimposed voltage, i.e. 𝑉௥

ା,௣௢௦௧
= 𝑉௥

ା,௣௥௘
+ ∆𝑉௥

ା. If 𝑉௥
ା,௣௢௦௧  

lies within the dead band shown in Fig. 2, the post-fault power 
references (𝑃௥௘௙

௣௢௦௧ and 𝑄௥௘௙
௣௢௦௧) will be the same as their pre-faults 

values (𝑃௥௘௙
௣௥௘ and 𝑄௥௘௙

௣௥௘). Otherwise, the post-fault power 
references should be calculated using the IBR’s LVRT 
characteristics as follows.  

Let us assume that the phase-locked loops (PLLs) align the 
grid voltage to the d-axis. Thus, except for a short transient 
period following a fault, the positive-sequence q-axis voltage, 
i.e., 𝑣௤

ା, will be zero in the pre- and post-fault conditions [1]. 
Accordingly, the pre- and post-fault positive-sequence voltage 
in the d-axis can be calculated as: 

 ቊ
𝑣ௗ

ା,௣௥௘
= ห𝑉௥

ା,௣௥௘
ห

 𝑣ௗ
ା,௣௢௦௧

= ห𝑉௥
ା,௣௢௦௧

ห
  (13) 

where the operator |.| returns the amplitude of a phasor. 
Accordingly, the pre-fault reactive current of the IBR, i.e., 
𝑖௤

ା,௣௥௘ , can be obtained as follows:  

 𝑖௤
ା,௣௥௘

=
ିொೝ೐೑

೛ೝ೐

ቚ௏ೝ
శ,೛ೝ೐

ቚ
  (14) 

Let 𝑓(𝑉) denote the voltage support characteristic, which 
represents the change in the reactive current of the IBR in the 
positive-sequence circuit during faults, as shown in Fig. 2. 
Different IBRs might have different 𝑓(𝑉) characteristics. Using 
𝑓(𝑉), ∆𝑉௥

ା,௣௢௦௧ , and 𝑖௤
ା,௣௥௘  obtained by (14), the post-fault 

reactive currents of the IBR following the fault onset can be 
obtained as below: 

 𝑖௤
ା,௣௢௦௧

= Min ൞ 𝑖௤
ା,௣௥௘

+ 𝑓(∆𝑉௥
ା,௣௢௦௧

)
ᇩᇭᇭᇪᇭᇭᇫ

∆௜೜
శ

 , 𝑖௠௔௫
ା ൢ  (15) 

where 𝑖௠௔௫
ା  is the largest permissible current of the IBR in the 

positive-sequence circuit. The remaining current capacity of the 
IBR will be allocated to the active current generation. Due to 
the IBR’s overcurrent limits, the active power generation of the 
IBR may have to be decreased to be able to inject the reactive 
current imposed by Grid Code requirements [21]-[22]. 
Accordingly, the post-fault active current of the IBR at instant 
t can be obtained as: 

 𝑖ௗ
ା,௣௢௦௧(𝑡) = Min ቊ𝑖ௗ

ା,௣௥௘
 , ට𝑖௠௔௫

ା ଶ − 𝑖௤
ା,௣௢௦௧ଶ

 ቋ  (16) 

Using (13), the post-fault active and reactive power 
references of the IBR can be calculated from:  

 ൝
𝑃௥௘௙

௣௢௦௧
= 𝑖ௗ

ା,௣௢௦௧
 ห𝑉௥

ା,௣௢௦௧
ห

𝑄௥௘௙
௣௢௦௧

= −𝑖௤
ା,௣௢௦௧

 ห𝑉௥
ା,௣௢௦௧

ห
  (17) 

The post-fault positive-sequence current of the IBR is obtained 
by replacing 𝑃௥௘௙

௣௢௦௧  and 𝑄௥௘௙
௣௢௦௧  in (12). Finally, the superimposed 

current of the IBR is calculated by subtracting 𝐼௥
ା,௣௢௦௧  from 

𝐼௥
ା,௣௥௘ . 

V.  PERFORMANCE EVALUATION 

Numerous fault cases are simulated on the IEEE 39-bus test 
system via the electromagnetic transient simulation tool in 
DIgSILENT PowerFactory with different IBR penetration 
levels. Table I tabulates the locations, rated power, and control 
references/settings of the set of 20 IBRs.  The locations of 
PMUs are usually determined to establish network 
observability [25]. Hence, the method of [25] is used to place 
12 PMUs at buses 3, 5, 8, 11, 14, 16, 19, 23, 25, 27, 29, and 39. 
The method’s general performance is studied for various fault 
types across the system with different fault resistance. The 
method’s accuracy for estimating the superimposed currents of 
unmonitored IBRs is studied. Next, the impact of input errors 
on the method’s performance is scrutinized. Finally, the impact 
of various numbers, placement, and penetration levels of IBRs 
with different LVRT characteristics on the method’s 
performance is investigated. 

As defined in [26], the maximum acceptable total vector 
error (TVE) is 1% for phasor measurements. Therefore, the 

TABLE I 
LOCATIONS, SIZE, AND SETTINGS OF IBRS 

 

Location 
(Bus No.) 

Nominal 
Power 

Voltage  
Support Slope 

Operating  
References 

1, 5, 7, 9, 12,  
14, 15, 17, 24, 26, 

3, 4, 8, 11, 13, 
16, 18, 21, 27, 28 

150 MVA 2 
 𝑃௥௘௙= 1 pu  
𝑄௥௘௙= 0 pu 
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phasors are contaminated with errors to have TVEs with 
random phase angles between 0 and 𝜋, and random amplitudes 
evenly distributed between 0% and 1%. The method’s 
performance with higher measurement errors is investigated in 
subsection V-B.  

A.  Method’s General Performance  

The method takes the unmonitored IBRs into account by 
estimating their superimposed currents and modifying the 
measurement vector using (10). To achieve this, the post-fault 
terminal voltages of these IBRs are used to obtain their post-
fault active and reactive power references by (14) to (17). Table 
II reports the TVEs between the true and estimated positive-
sequence superimposed currents of the unmonitored IBRs at 80 
ms following a solid SLG fault at 5% of line 15-16. The 
achieved maximum TVE is below 5%, indicating the good 
performance of the proposed method in accurately computing 
the superimposed currents of unmonitored IBRs.  

As explained, the fault current contributions of unmonitored 
IBRs are initially disregarded by the proposed method. This 
leads to errors in the computations initially, subsequently 
leading to an increased WSSR value for the faulted line. In each 

iteration, the superimposed currents of unmonitored IBRs are 
estimated, updated, and used as the starting point of the next 
iteration. The main objective of this iterative procedure is to 
enhance the precision of the proposed method. As a result, more 
accurate calculations of fault distance can be obtained, along 
with a reduced value for the WSSR of the faulted line. If 
unmonitored IBRs are disregarded, the fault distance for the 
fault at 5% of the line length is calculated at 0.87%. However, 
this is obtained at 4.73% after applying the proposed method. 
Fig. 4 shows the WSSRs of all lines over time following the fault 
onset, in which the faulted line’s WSSR is noticeably smaller 
than those of non-faulted lines.  

The method of [15] is applicable against all fault types and 
has better features compared to existing methods in the 
literature, as per the comprehensive review of the existing 
WABP methods in [10]. Thus, a performance comparison is 
presented for the proposed method and that of [15]. In this 
regard, various fault types are studied at 40 evenly distributed 
distances on every line with 0 Ω, 20 Ω and 50 Ω of fault 
resistance. The WSSR index and the calculated fault distance 
are the criteria employed for the identification of the faulted 
line. Simulations show that the precision of faulted-line 
identification is more affected by the fault current contribution 
of IBRs following faults closer to substations. Hence, the 
results are only reported for faults within 0% to 20% and 80% 
to 100% of line lengths. Table III tabulates the obtained results 
in terms of average fault distance error (AFDE) and faulted-line 
identification success rate (FLISR). The average value obtained 
for fault distance between 80 ms and 120 ms following the fault 
onset is used to calculate AFDE. The method is successful in 
more than 99% of the simulated cases in identifying the faulted 
line providing higher accuracy in the fault distance calculation. 
Disregarding the presence of IBRs results in a larger WSSR for 
the faulted line and introduces excessive errors in the fault 
distance calculations. These are the reasons that the existing 
method leads to a noticeably lower success rate and accuracy 
as compared with the proposed method. 

TABLE II 
TVE (%) OF THE ESTIMATED SUPERIMPOSED CURRENT OF IBRS FOLLOWING 

DIFFERENT FAULTS AT 5% OF LINE 15-16  
 

Fault 
Type 

IBRs Location (Bus No.) 
1 4 7 9 12 13 15 17 18 21 24 26 28 

LLL* 1.29 1.26 1.88 0.60 0.80 0.24 1.89 4.36 4.48 1.42 3.41 1.96 2.23 
SLG* 4.11 0.95 1.11 4.89 4.35 1.05 2.27 2.73 1.14 0.40 1.28 1.12 2.18 
LL* 2.78 2.22 4.28 5.39 5.10 2.18 1.40 3.38 2.23 2.76 2.38 4.28 4.58 

DLL* 2.59 1.97 4.07 4.78 4.32 1.62 1.72 2.97 3.27 3.42 1.99 4.82 3.37 
* LLL: three phase, SLG: single phase to ground, LL: phase to phase, 
   DLG: double phase to ground   
 

    

Faulted Line

 
 

Fig. 4. WSSRs obtained for all lines over time after a solid SLG fault at 5% of 
line 15-16.  

 
TABLE III 

 SUMMARY OF METHOD’S PERFORMANCE FOR DIFFERENT FAULTS  
 

Fault Type Index 
Proposed Method Method of [15] 

 0 Ω 20 Ω  50 Ω  0 Ω 20 Ω 50 Ω 

LLL* 
LIFR (%) 99.36 99.18 99.01 82.21 91.18 93.56 
AFDE (%) 0.49 0.68 0.89 11.12 6.23 4.86 

SLG* 
LIFR (%) 99.42 99.25 99.04 83.89 90.51 95.36 
AFDE (%) 0.48 0.98 1.32 16.13 5.41 4.12 

DLG* 
LIFR (%) 99.43 99.02 98.96 84.19 91.86 95.17 
AFDE (%) 0.62 0.79 0.94 14.68 3.41 2.79 

 

 * LLL: three phase,  
 * SLG: single phase to ground,    
 * DLG: double phase to ground 

  

TABLE IV  
METHOD’S SENSITIVITY TO INPUT ERRORS 

 

Error Source Results 
Variation Range of Errors (%) 

±1 ±2 ±3 ±4 ±5 
Measured 
Phasors 

FLISR (%) 99.52 99.31 99.11 98.96 98.71 
AFDE (%) 0.56 0.63 0.71 0.82 1.02 

Generator 
Parameters 

FLISR (%) 99.45 99.34 99.28 99.11 99.03 
AFDE (%) 0.63 0.69 0.75 0.89 0.99 

Line 
Parameters 

FLISR (%) 99.15 98.95 98.56 98.01 97.36 
AFDE (%) 0.75 0.99 1.63 2.23 2.91 

  
  

TABLE V 
METHOD’S SENSITIVITY TO IBR PENETRATION LEVELS AND DISTRIBUTIONS 

 

IBRs’ 
Penetration 

Results 
Number of IBRs 

24 20 16 12 

50% 
FLISR (%) 99.53 99.48 99.54 99.39 
AFDE (%) 0.57 0.55 0.52 0.55 

65% 
FLISR (%) 99.39 99.43 99.49 99.52 
AFDE (%) 0.6 0.63 0.61 0.64 

80% 
FLISR (%) 99.21 99.14 99.16 99.11 
AFDE (%) 0.63 0.65 0.64 0.71 
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B.   Method’s Sensitivity to Input Errors 

The method’s sensitivity to input errors is evaluated by 
simulating 200 arbitrary faults across the transmission grid. 
Phasors and parameters are contaminated with normally 
distributed errors of mean zero. The three-sigma criterion is 
used to report the error ranges. The procedure is repeated 500 
times for each fault case with random input errors, and the 
obtained results are tabulated in Table IV. As can be seen, with 
up to 5% errors in the measurements, the method’s success rate 
remains more than 98.83%. The effectiveness of the WLS 
method in managing measurement errors arises from its 
utilization of the redundancy of the equations to diminish the 
overall impact of these errors. The outcomes acquired from the 
inclusion of errors in generator and transmission line 
parameters are summarized in Table IV. As anticipated, the 
method's accuracy and success rate experience a slight decline 
with an increase in the range of parameter errors. 

 
 
 

C.  Impact of IBR Locations and Control Strategies 

The method performs well, regardless of the number, 
location, and LVRT characteristics of IBRs. To demonstrate 
this, three different penetration levels are studied. A total of 100 
random placements of IBRs are considered for each penetration 
level and number of IBRs. The nominal powers of IBRs are 
adjusted in accordance with their quantity and the desired level 
of penetration. Table V reports the FLISR and AFDE indices 
obtained for the same 200 fault cases selected in subsection V-
B. It can be concluded that the method’s performance is not 
noticeably affected by the penetration level, control settings, 
and location of IBRs.  

VI.  CONCLUSION 

This paper proposes an effective superimposed-circuit-based 
wide-area backup protection method for transmission lines in 
the presence of inverter-based resources (IBRs). The weighted 
least-squares method is utilized to solve the system of equations 
formulated. Potential solvability issues are minimized by 
excluding the currents of unmonitored IBRs (those without 
PMUs) from the set of unknowns. It is demonstrated that the 
presence of these IBRs can easily be taken into account using 
the Substitution Theorem and the IBRs’ low-voltage ride-
through (LVRT) characteristics. The faulted line is readily 
identified by comparing the weighted sum of squared residuals 
calculated for candidate lines. The method can readily take into 
account any LVRT characteristics imposed upon IBRs by the 
Grid Code. As verified by simulation studies, the method is 
robust against measurement and parameter errors. For different 
IBR penetration levels, numbers, locations, and LVRT 
characteristics, the proposed WABP method is shown to 
outperform existing methods irrespective of fault type, 
resistance, and location.  
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