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A B S T R A C T   

Conventional protection schemes have essentially been developed for power systems dominated by synchronous 
generators. High penetration of power-electronic interfaced renewable energy sources (PEIRESs) can adversely 
impact the reliability of protection systems, thereby increasing the risk of widespread disturbances. This paper 
proposes a robust wide-area backup protection (WABP) scheme against asymmetrical faults for transmission 
systems with high penetration of renewables. The scheme exploits the full potential of available synchrophasors 
without placing any rigid constraints on PMU locations. To this end, the faulted line and a few appropriately 
selected PEIRESs are replaced by equivalent current sources using the Substitution Theorem. The remaining 
PEIRESs are substituted by their equivalent impedances accounting for their response to a fault, considering the 
control strategies and overcurrent limits of these PEIRESs. This results in a linear system of equations whose 
solution readily indicates the faulted line on account of the weighted sum of squared residuals (WSSR) concept. 
To add to the security of the proposed scheme, the fault distance on the pinpointed line is also calculated and 
checked to ensure it lies within the acceptable range. A total of more than 80,000 simulations conducted on the 
IEEE 39-bus test system verify that the proposed scheme performs properly irrespective of the numbers/locations 
of PEIRESs and their control strategies.   

1. Introduction 

The reliability of protection schemes is of utmost importance to the 
secure operation of power systems in the face of different contingencies. 
Dependability and security are key aspects characterizing the reliability 
of a well-designed protection scheme [1]. Local protection schemes are 
not ideal and their reliability may occasionally be compromised for 
different reasons. At the forefront of these are measurement errors 
caused by transient behavior of voltage and current transformers located 
close to the fault location [2]. Some research works are aimed at com-
plementing the efficacy of local protection by leveraging synchrophasors 
provided by Phasor Measurement Units (PMUs). In this context, Wide- 
Area Backup Protection (WABP) is defined as the processing of pha-
sors provided by PMUs and other intelligent electronic devices to 
identify the faulted line and generate appropriate protection commands 
accounting for local protection failures. 

Operation philosophies of conventional protection schemes have 
mainly been developed for power systems dominated by conventional 
synchronous machines. On the other hand, Power Electronic Interfaced 

Renewable Energy Sources (PEIRESs) demonstrate exclusive fault 
characteristics that significantly differ from those of synchronous gen-
erators. Thus, high penetration of renewables is making some underly-
ing assumptions of conventional protection schemes increasingly 
invalid. This can adversely affect the performance of protection systems, 
which is demonstrated by more cases of maloperation/malfunction of 
protective relays [3–5]. For instance, the distinctive negative-sequence 
fault current contribution of renewables can easily mislead the 
negative-sequence overcurrent and communication-assisted protections 
following asymmetrical faults [6,7]. Improving the reliability of pro-
tection schemes in the presence of renewable energy sources has 
received remarkable attention in recent years [8–11]. To overcome the 
protection challenges introduced by renewables, more sophisticated 
local/wide-area schemes with adaptive features are needed. 

Due to the inherent limitations of WABP, e.g., originated from 
communication latencies, WABP is not supposed to replace the local 
main/backup protection but complement it [12]. WABP has a great 
potential to add an extra layer of defense against faults, thereby 
enhancing system stability. WABP schemes in [13–15] need PMU data 
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from certain locations and cannot tolerate PMU losses. The schemes in 
[16–21] are based on the superimposed circuit methodology [22]. None 
of these schemes account for renewable energy sources assuming all 
generating units are synchronous machines. In these schemes, syn-
chronous machines are usually modeled by a constant impedance in the 
superimposed circuit. However, this does not apply to PEIRESs because 
of their time-variant nature and distinguished fault behavior. To utilize 
the schemes in [13–23], one needs to disregard the presence of PEIRESs 
in the power system. However, simulations show that this approach 
might easily lead to misoperation or malfunction of the WABP scheme. 

PEIRESs are characterized by their controllability features, which are 
not accounted for by the existing superimposed-circuit-based WAPB 
schemes. PEIRESs can rapidly regulate the amplitude and phase angle of 
their terminal voltage and current to meet their control targets in the 
steady-state, fault, and post-fault conditions within a few milliseconds 
[24]. There are some efforts in the literature to incorporate PEIRESs in 
WABP schemes. A communication-free active protection strategy for the 
inverter-dominated power systems is presented in [25], which is only 
applicable for islanded microgrids. In [26], a WABP scheme is presented 
as a supervisory algorithm for distance relay, which requires a specific 
set of PMU measurements. A reliable WABP scheme should be able to 
capture the behavior of PEIRESs while maintaining the computational 
burden low. This paper addresses these challenges without placing any 
constraint on the number and locations of PEIRESs or their control 
strategies. 

In this paper, a novel WABP scheme is proposed against asymmet-
rical faults on transmission systems with high penetration of PEIRESs. 
The proposed scheme leverages the full potential of available synchro-
phasors without placing any strict constraints on PMU locations. The 
scheme performs well under a wide variety of control strategies 
employed by PEIRESs. To enable this, PEIRESs are appropriately 
modeled to capture their fault behavior, thus formulating their impact 
on the WABP. 

The remainder of this paper is organized as follows. Section II de-
scribes the PEIRES configuration and related power control strategies. 
Section III puts forward the proposed scheme for WABP. Modifications 
applied to overcome large numbers of PEIRESs are detailed in Section 
IV. Extensive simulation studies are conducted and discussed in Section 
V. Finally, the paper is concluded in Section VI. 

2. PEIRES configuration and power control strategy 

This section presents the PEIRES configuration studied and the 
power control strategies scrutinized in the following sections. It is 
assumed that a standard three-phase Voltage Source Converter (VSC) is 
connected to the Point of Common Coupling (PCC) and the grid through 
an LCL filter, as shown in Fig. 1. Such PEIRESs are typically controlled 
by a three-level control structure, including the outer control loops, 
inner current control loop, and the PWM controller [24]. The outer 
control loops determine current references for the inner current control 
loop, which translates these to voltage references for the PWM 

controller. 
Without loss of generality, in this paper, the dual reference frame 

scheme presented in [27] is used for the outer control loops of PEIRESs. 
In this approach, the positive rotating synchronous frame is utilized to 
control the positive-sequence components. The negative rotating syn-
chronous frame is also used to control the negative-sequence compo-
nents. In doing so, the converter voltages and currents in the stationary 
abc frame are first expressed in terms of the stationary αβ reference 
frame [24,27]. Then, the positive- and negative-sequence quantities in 
the αβ frame are obtained. For example, voltage quantities are calcu-
lated as shown below. 
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where the operator i represents a 90◦ phase shift in the time domain, and 
the superscripts p and n refer to positive- and negative- sequence com-
ponents, respectively. Finally, the αβ stationary frame quantities are 
transformed into their respective sequence rotating dq-frames, i.e. v p

d , 
v p

q , v n
d , and v n

q [24]. 
Within the three-level control structure, the outer control loops have 

the duty of adjusting the average active and reactive power of the 
PEIRES in normal operating conditions [24]. However, some extra 
control loops can be appended to the outer control loop to appropriately 
respond to fault conditions in the positive- and negative-sequence cir-
cuits. While the Grid Code typically dictates positive-sequence control 
references, negative-sequence quantities may be controlled as appro-
priate with no strict requirements in place. Popular control objectives 
for the negative-sequence circuit are suppressing the negative-sequence 
current, eliminating the active power ripple, eliminating the reactive 
power ripple, or imitating an impedance in the negative-sequence cir-
cuit [28,29]. These control strategies aimed at unbalanced voltage 
conditions are detailed below.  

A. Suppressing Negative-Sequence Current 

If the negative-sequence voltage at the VSC terminal is not 
controlled, it remains zero in all operating conditions. This can result in 
a large damaging negative-sequence current passing through the VSC 
upon an asymmetrical fault. A reasonable preventative strategy is to 
eliminate the negative-sequence current passing through the VSC. To 
this end, the negative-sequence references are set to zero, while the 
positive-sequence current references are regulated by the Grid Code. A 
key feature of this strategy is the retention of the maximum current 
capacity of the PEIRES for control purposes in the positive-sequence 
circuit [28].  

B. Eliminating the Active or Reactive Power Ripple 

The power ripple refers to the oscillating components of active or 
reactive power during faults. It is possible to remove the power ripple 
using appropriate negative-sequence control strategies. To this end, the 
reference currents are calculated as below [28]: 
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where Pref and Qref are the reference values for the active and reactive 

Fig. 1. PEIRES configuration and power control scheme.  
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power, and the coefficients D and E are calculated based on the PEIRES 
control strategy and quantities in the rotating dq-frames as below. 
⎧
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The coefficient K in the forgoing formulas is set to − 1 when the 
control strategy is eliminating the active power ripple. This coefficient is 
set to 1 when the control strategy is eliminating the reactive power 
ripple.  

C. Imitating an Impedance in the Negative-Sequence Circuit 

The most recent German Grid Code [30] requires the negative- 
sequence current to be injected in proportion to the negative-sequence 
voltage. This would help directional protection elements operate reli-
ably by providing sufficient negative-sequence current and a noticeable 
phase angle difference between negative-sequence voltage and current 
[7]. If the negative-sequence current is maintained proportional to 
negative-sequence voltage, the PEIRES demonstrates a constant 
negative-sequence impedance, i.e. |zn|∠θn. To achieve this, the reference 
currents are obtained from. 
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3. The proposed superimposed circuit technique 

In this section, the superimposed circuit technique presented in [18] 
is extended to derive a linear system of equations for WABP concerning 
the fault incident. Phasor measurements and the bus impedance matrix 
are the inputs to the scheme. A prerequisite for using the superimposed 
circuit is that the pre-disturbance and post-disturbance bus impedance 
matrices remain the same, which is not the case when the disturbance is 
a short-circuit fault on a line. To overcome this challenge, the candidate 
faulted line is replaced by two current sources prior to and following the 
fault inception [18]. Therefore, the faulted line and fault resistance are 
not included in the bus impedance matrix, while their effects are re-
flected in the current sources. Synchronous generators can be modeled 
as constant impedances in the superimposed circuit within the time 
frame of interest [15,17]. However, this is not valid for renewables due 
to their time-variant nature induced by their control strategies. There-
fore, PEIRESs are replaced by proper current sources in this study. As a 
result, the superimposed circuit will include two nodal current injections 
representing the faulted line and a nodal current injection for each 
PEIRES to represent its behavior with reference to the fault. Then, the 
Weighted Sum of Squared Residuals (WSSR) is used to pinpoint the 
faulted line, as explained in Subsection III-C.  

A. Individual Analysis of the Sequence Circuits 

The interconnection of sequence circuits is dictated by the fault type 
[2]. Nonetheless, each sequence circuit can also be studied indepen-
dently regardless of the fault resistance, type, and location. This is 
possible so long as the other sequence circuits and fault resistance are 
replaced by a proper current source based on the Substitution Theorem 
[18]. 

Asymmetrical faults are the most frequent type of short-circuit faults 
on transmission systems [2]. The focus of this paper is WABP against 
asymmetrical faults by taking advantage of the unique characteristics of 
the negative-sequence circuit [19]. The negative-sequence circuit is the 
most suitable circuit for fault location analysis under asymmetrical 

faults. This is due to the absence of negative-sequence components in the 
pre-fault condition, the time-invariant behavior of synchronous ma-
chines in the negative-sequence circuit, and its higher accuracy 
compared to that of the zero-sequence circuit [19]. As will be described 
in Section IV, the positive-sequence circuit will only be employed for 
identifying the operating modes of PEIRESs.  

B. Systems of Equations Representing the Fault 

As shown in Fig. 2, let us assume that line i-j is the faulted line and Zs 

denotes the bus impedance matrix of the sequence circuit “s” excluding 
line i-j and all PEIRESs. The superscript s refers to the corresponding 
sequence circuit and takes a value of “p” or “n” for the positive- and 
negative-sequence circuits, respectively. Let ΔIs

r, ΔJs
i,j, and ΔJs

j,i repre-
sent the superimposed current of a PEIRES at bus r and those of the 
sending- and receiving-end of the faulted line i-j, respectively. The 
superimposed voltage measured by a PMU at an arbitrary bus k satisfies 
the following equation. 

ΔVs,m
k =

∑Nr

r=1
Zs

k,rΔIs
r − Zs

k,iΔJs
i,j − Zs

k,jΔJs
j,i + eV(k) (5)  

where the superscript “m” refers to measured quantities, 1 to Nr are the 
indices of buses connected to a PEIRES, and eV(k) represents the associ-
ated measurement error. 

Let ΔJs
u,v denote the PMU-measured superimposed current of the 

sending-end of a non-faulted line u-v. This current can be expressed as a 
function of the nodal current sources as below. 

ΔJs,m
uv =

∑Nr

r=1
Cs

uv,rΔIs
r − Cs

uv,iΔJs
i,j − Cs

uv,jΔJs
j,i + eJ(uv) (6)  

where eJ(uv) stands for the corresponding measurement error, and the 
derivation of Cs

uv is detailed in [18]. Subject to the direct measurement of 
ΔIs

r, ΔJs
i,j, and ΔJs

j,i by PMUs, the equations below can also be established. 
⎧
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r =ΔIs

r + eI(r)

ΔJs,m
i,j = − ΔJs

i,j + eJ(ij)

ΔJs,m
j,i = − ΔJs

j,i + eJ(ji)

(7)  

where the negative signs on the right-hand side of the equations result 
from the convention assumed for the direction of nodal injections and 
transmission line currents. It should be noted that Fig. 2 is only an 
exemplary representation of the superimposed circuit. Equations (5) to 
(7) remain valid even when either or both of buses i and j is connected to 
a PEIRES. 

Let us assume PMUs provide Np voltage and current measurements 
from across the grid. By writing equations (5) to (7) based on available 
PMU measurements, a system of linear equations can be obtained as 
below. 

Fig. 2. Superimposed sequence circuit for a fault at line i-j.  
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mNp×1 = HNp×(2+Nr)x(2+Nr)×1 + εNp×1 (8)  

where m, H, and ε are the measurement vector, coefficient matrix, and 
error vector, respectively. Further, x is the vector of current sources 
replaced for the faulted line and PEIRESs, as below. 

x =
[
ΔJs

i,j ΔJs
i,j ΔIs

1 ⋯ ΔIs
Nr

]T
(9) 

Let R denote the covariance matrix of measurement errors, which is 
an Np-by-Np diagonal matrix whose i-th diagonal entry is the variance of 
the i-th measurement. The linear system of equations (8) can be readily 
solved using the weighted least-squares method as follows. 

x̂ =
(
H*R− 1H

)− 1H*R− 1m (10)  

where the asterisk on H refers to the conjugate transpose of that matrix. 
The vector x̂ contains the estimates of unknowns, obtained by applying 
the weighted least-squares method to (8). These estimates might not be 
precisely equal to their corresponding true values because of measure-
ment errors incurred in practice.  

C. Identifying the Faulted Line and Fault Type 

The system of equations (8) is derived assuming that the line i-j is the 
faulted line. The Weighted Sum of Squared Residuals (WSSR) is the 
objective function minimized for solving (8) by the least-squares method 
and can be obtained from. 

WSSR = [m − Hx̂]*R− 1[m − Hx̂] (11) 

The WSSR of the faulted line would be ideally zero as all measure-
ments hold true in equations (5) to (7). However, due to measurement/ 
parameter imperfections, the WSSR of the faulted line might not be 
exactly zero but very small [18]. Accordingly, (11) should be evaluated 
for different suspected lines to identify the smallest WSSR, thus the 
faulted line. Once x̂ is estimated, the superimposed voltages at any 
buses, including the faulted line terminals, can be obtained by (5). 
Having calculated the superimposed voltage and current phasors at the 
faulted line terminals, the closed-form expression introduced in [31] can 
be used to obtain the fault distance on the faulted line. The calculated 
fault distance is checked to ensure it lies within the acceptable range to 
enhance the security of the proposed scheme. 

Full network observability is not required by the proposed scheme, in 
which the entire KVL and KCL equations related to voltage and current 
measurement are utilized for deriving an overdetermined system of 
linear equations with reference to the short-circuit fault. In principle, 
each system of equations can be uniquely solved when there are a suf-
ficient number of independent equations in the respective system. This 
condition can readily be verified offline for any PMU placement given 
[18]. 

4. Modify the superimposed circuit for WABP 

As explained, every PEIRES circuit can be modeled as an unknown 
current source in each superimposed sequence. As suggested by [18], 
this current can be directly measured by a PMU. However, it may not be 
practical to install a PMU at every bus with a PEIRES. Even if there is a 
PMU at all PEIRES buses, WABP must not be contingent on the avail-
ability of a specific set of PMU measurements. As discussed in IEEE 
standard C37.118.2, communication latency is unavoidably unpredict-
able and may vary from a few milliseconds to even seconds due to fac-
tors such as error checking, forwarding, and routing. Therefore, some 
PMU measurements might not be received within the action time 
necessary for successful WABP. On the other hand, having a large 
number of non-measured unknown currents representing PEIRESs in the 
vector x̂ might lead to an unsolvable system of equations, thus, no 
WSSRs to act upon [18,32]. 

It is fair to assume that the control strategies of PEIRESs and their 
corresponding settings are available to the control center. The knowl-
edge of these may be used to overcome the foregoing unsolvability 
challenge. The goal is to reduce the number of unknowns to the extent 
that (8) becomes solvable with a unique solution. To this end, a suffi-
cient number of the PEIRESs in the negative-sequence circuit can be 
replaced by their equivalent superimposed impedances. In doing so, the 
operating modes of PEIRESs are first determined using the superimposed 
technique and SCADA data. Next, the equivalent superimposed imped-
ances of the selected PEIRESs are calculated and incorporated into the 
superimposed circuit. Since PEIRESs exhibit different equivalent 
impedance after reaching their overcurrent limits, their estimated 
output currents are to be checked, as well. Appropriate modifications 
will then be applied in order to update their equivalent superimposed 
impedances.  

A. PEIRES Operating Mode Following a Fault 

Following a short-circuit fault, PEIRESs may work in either steady- 
state or fault mode. In the steady-state mode, they inject active and 
reactive power equal to pre-set references. In the fault mode, the oper-
ating references are adjusted based on the Grid Code requirements to 
support the grid in fault conditions. The amount of positive-sequence 
voltage dip at a PEIRES terminal determines the PEIRES’s operating 
mode. For instance, if the balanced voltage dip is larger than 10%, the 
PEIRES should operate in the fault mode (as instructed by the GB and 
Tennet Grid Codes). As detailed in [28], the equivalent positive- 
sequence impedance of a PEIRES in the superimposed circuit depends 
on the pre-fault voltage and current phasors. Hence, PEIRESs with no 
PMUs at their terminals cannot be easily modeled in the superimposed 
positive-sequence circuit. 

To determine PEIRESs’ operating modes, the following steps are 
taken in this paper to estimate positive-sequence voltage dips whilst 
maintaining the computational burden low:  

i. PEIRESs whose currents are not directly measured by PMUs are 
firstly disregarded in the superimposed circuit. This is to 
approximately estimate positive-sequence superimposed voltages 
using the described superimposed circuit technique.  

ii. Approximate post-fault bus voltages are calculated in this step. 
Based on the Superposition Theorem, post-fault bus voltages can 
be obtained from the pre-fault and superimposed bus voltages, i. 
e. V p

post = V p
pre + ΔV p. Superimposed bus voltages are approxi-

mated in step (i). Pre-fault bus voltages are assumed to be known 
in the control center. This can be easily achieved by effective state 
estimation methods employing existing synchronized/ unsyn-
chronized measurements [33].  

iii. Ignoring PEIRES contributions to the fault current introduces 
some errors in the estimated post-fault voltage quantities. The 
contributions of PEIRESs operating in the fault mode are more 
significant to the inaccuracy introduced than that of PEIRESs 
operating in the steady-state mode. This is because PEIRESs 
operating in steady-state mode continue to inject the same active 
and reactive power even after the fault inception. Accordingly, 
the PEIRESs are arranged in descending order with respect to 
voltage dips at their terminals. The PEIRESs on top of the list can 
be replaced by unknown current sources and included in the 
vector x to increase accuracy. This will be applied to as many 
PEIRESs as possible as long as the matrix H remains of full rank, 
which is a sufficient condition for the solvability of (8) [32]. This 
helps to obtain more accurate approximations for post-fault bus 
voltages.  

iv. Let us assume that for voltage dips larger than α%, the PEIRES is 
set to operate in the fault mode by injecting extra reactive power. 
The value of α is dictated by the Grid Code requirements. The 
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estimated post-fault voltages in step (iii) might not be quite ac-
curate because some PEIRESs have not been replaced by a current 
source.  

v. All PEIRESs experiencing voltage dips close to α are considered to 
have an uncertain operating mode. Special care should be taken 
to determine the upper and lower bounds of the uncertain voltage 
range. As demonstrated in [34], however, the impact of control 
strategies of a PEIRES connected to the grid barely exceeds 5% of 
its terminal voltage. This means that we are almost certain that 
PEIRESs with estimated voltage dips less than (α − 5)% will 
continue to operate in the steady-state mode. On the other hand, 
those with estimated voltage dips greater than (α + 5)% can be 
assumed to be operating in the fault mode. Next, an additional 
step is needed to confirm the operating mode of PEIRESs with 
estimated voltage dips between the thresholds mentioned above. 

The fault behavior of the PEIRES (from the power system point of 
view) is dependent on the converter control strategies and settings and 
feasible bounds rather than the type of energy source [24]. Various types 
of renewables might demonstrate slightly different transient behavior 
for a few milliseconds following the fault inception. Regardless of the 
type of renewable sources, however, they will be able to regulate the 
amplitude and phase angle of their terminal voltage and current to meet 
their control targets in the steady-state, fault, and post-fault conditions 
within a few milliseconds [24]. Therefore, the proposed formulation is 
not impacted by the type of renewable sources. On the other hand, the 
proposed scheme is expected to come into effect in case the primary 
protection has failed to operate. Thus, a few hundred milliseconds is 
available for WABP to account for the time that PEIRESs need to 
completely switch to their final operating modes before making a trip 
decision [1,2].  

B. Incorporating PEIRESs Models 

If a PEIRES operates in the steady-state mode, it does not generate a 
post-fault negative-sequence current. Due to the absence of the pre-fault 
negative-sequence components, the superimposed negative-sequence 
current of that PEIRES will be zero and can be removed from (9). 
Accordingly, the corresponding column in the matrix H is removed. The 
negative-sequence behavior of a PEIRES operating in the fault mode 
depends on its control strategy. If there is no information about the 
control strategies of a PEIRES at the control center, it will be modeled as 
an unknown nodal current source in the WABP formulations (8). 
Otherwise, it is incorporated in the superimposed circuit based on its 
control strategy, as described below.  

1) Suppressing negative-sequence current 

As described in Subsection II-A, a PEIRES with this control strategy 
eliminates the negative-sequence current during an asymmetrical fault. 
Similar to the PEIRES operating in the steady-state mode, the PEIRES 
can be omitted from the circuit, i.e., modeled by an open circuit.  

2) Eliminating the active or reactive power ripple 

A PEIRES operating in the fault mode can be modeled as an imped-
ance in the superimposed circuit. As detailed in [28], the magnitude and 
phase angle of the per-unit equivalent negative-sequence impedance of a 
PEIRES, i.e. |zn| and θn, with these control strategies can be calculated as 
follows: 

|zn| =
1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
Pref

(Vp)2 − K(Vn)2

)2
+
(

Qref

(Vp)2+K(Vn)2

)2
√ (12)  

θn = tan− 1

(
Qref

Pref
.
(Vp)

2
− K(Vn)

2

(Vp)
2
+ K(Vn)

2

)

− (K + 1) × 90o (13)  

where Vn and Vp are the positive- and negative-sequence terminal 
voltages of the PEIRES. The inclusion of the equivalent impedances of 
PEIRESs with this control strategy is not straightforward because their 
equivalent impedance is not always known a priori. As (12) and (13) 
demonstrate, the equivalent negative-sequence impedance of a PEIRES 
is determined by its control strategy, active and reactive power reference 
values, and the voltage dip it undergoes due to the fault. That is why we 
need to resort to an iterative method here. An approximate value for Vp 

can be calculated as described in part A of this section. It is assumed that 
the control strategy and reference values are received from SCADA. 
According to (12) and (13), zn is represented as a function of ΔVn, i.e. 
f1(ΔVn). Based on (5), the value of ΔVn is affected by zn itself. Thus, it is 
represented as a function of zn, i.e. f2(zn). Herein, a numerical iterative 
method is utilized to estimate the values of zn and ΔVn as follows:  

(i). The PEIRES is firstly removed from the superimposed circuit. 
Then, the initial value of ΔVn is estimated using the described 
superimposed circuit technique.  

(ii). The amount of zn is calculated using (12) and (13).  
(iii). The PEIRES is replaced with impedance zn in the superimposed 

circuit. Then, the value of ΔVn is updated.  
(iv). The previous two steps are repeated until the new value of zn lies 

within 1% proximity of its previous value.  

3) Imitating an impedance in the negative-sequence circuit 

The PEIRES operating in this mode represents a constant impedance, 
say zn = |zn|∠θn, in the negative-sequence circuit during an asymmet-
rical fault. Due to the absence of pre-fault negative-sequence compo-
nents, the post-fault negative-sequence circuit is equivalent to its 
superimposed circuit. Therefore, the PEIRES can be substituted by the 
pre-set impedance zn in the superimposed circuit.  

C. Considering Overcurrent Limits of PEIRESs 

Once a PEIRES reaches its overcurrent limit in the negative-sequence 
circuit, the reference currents calculated in (2) and (4) will no longer be 
valid. This results in an equivalent impedance differing from what it was 
before reaching the overcurrent limit. Therefore, it is necessary to check 
if the overcurrent limit of a PEIRES is reached during a fault. If this is the 
case, proper modification to the obtained equivalent impedance will be 
applied. 

Reference-current saturation is the most common current-limiting 
logic [28], which is also considered for limiting the negative-sequence 
current of PEIRESs in this paper. In doing so, if the total negative- 
sequence current exceeds a threshold, i.e. inmax, the corresponding 
reference currents are tunned as. 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

i n,new
d− ref =

i n
max̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(

i n
d− ref

)2
+
(

i n
q− ref

)2
√ × i n

d− ref

i n,new
q− ref =

i n
max̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(

i n
d− ref

)2
+
(

i n
q− ref

)2
√ × i n

q− ref

(14) 

As a result, if a PEIRES reaches its negative-sequence current limit, 
the magnitude of its equivalent negative-sequence impedance can be 
obtained as follows. 

|zn|min =
|ΔVn|

in
max

(15) 

The values of ΔVn is itself a function of zn as in (5). Thus, an 
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algorithm is needed to incorporate the overcurrent limit of PEIRESs 
operating in the fault mode. The detailed procedure used in this paper is 
as follows.  

(i) The amplitude of the negative-sequence current of the PEIRES is 
calculated via In

PEIRES = |ΔVn|/|zn|. If In
PEIRES exceeds inmax, the 

magnitude of the zn representing the PEIRES is replaced by |zn|min.  
(ii) The new value of ΔVn is estimated.  

(iii) Equation (15) is employed to update |zn|min.  
(iv) The previous two steps are repeated until the new value of |zn|min 

lies within 1% proximity of its previous value.  

D. Checking PEIRESs with Uncertain Mode 

From PEIRESs experiencing voltage dips within the uncertain range 
(α± 5)%, those with voltage dips closer to α% at their terminals are 
replaced by nodal current sources. This means they are incorporated 
into the vector x as extra unknown variables and are removed from the 
bus impedance matrix. This will be applied to as many PEIRESs as 
possible to the extent that the matrix H still remains of full rank. Next, 
the remaining PEIRESs with uncertain operating modes are scrutinized 
to determine their true operating modes. 

As explained in [18], the more accurate the H matrix, the smaller the 
minimum WSSR obtained. Therefore, the targeted PEIRES is temporarily 
assumed to be operating in the opposite (fault or steady-state) mode. 
Accordingly, the required amendments are applied to the H matrix. 
Then, the new value of minimum WSSR is calculated. If the minimum 
WSSR is reduced, it follows that the PEIRES under consideration is truly 
operating in the opposite mode. Otherwise, it is operating in the pre-
defined mode found in Subsection IV-A.  

E. Flowchart of the proposed scheme 

Fig. 3 shows a conceptual diagram of the proposed WABP scheme for 

transmission systems. The “PEIRES Incorporation Unit” module is in 
charge of dealing with uncertainties in the bus-impedance matrix due to 
the operating status of PEIRESs and regulating H matrix based on their 
different control strategies. A flowchart of the functions of the “PEIRES 
Incorporation Unit” is shown in Fig. 4, which has already been detailed in 
parts A to D. Once the operating modes of all PEIRESs in the power 
system are determined, the WSSR is updated for the candidate line. 
Finally, the transmission line corresponding to the minimum WSSR is 
identified as the faulted line. To enhance the security of the proposed 
scheme, the calculated fault distance on the pinpointed line is checked to 
ensure it is real and lies within the acceptable range [0,1]. 

5. Performance evaluation 

The performance of the proposed WABP scheme is evaluated by 
conducting more than 80,000 simulations on the IEEE 39-bus test system 
with different penetration levels of PEIRESs. For each set of PEIRESs 
added to the system, their total active power is proportionally deducted 
from the active power produced by the existing synchronous generators 
so that the total active power generation (around 6200 MW) is main-
tained constant. A general performance evaluation for different asym-
metrical fault types at various locations with an arbitrary set of PEIRESs 
is presented first. Next, the sensitivity of the proposed scheme to mea-
surement errors, line/generator parameters errors, and pre-fault nega-
tive-sequence components is examined. The impact of different numbers 
and locations of PMUs is also scrutinized. Finally, the performance of the 
proposed scheme is tested for various penetration levels and locations of 
PEIRESs with different control strategies and settings. For the PEIRES 
control loops, a second-order generalized integrator [34] is used to 
apply i representing a 90◦ phase shift in the time domain in (1). 

DIgSILENT PowerFactory is used to carry out the simulations. Time- 
domain voltage and current waveforms are first filtered by an anti- 
aliasing Butterworth filter with a cut-off frequency of 400 Hz. The cur-
rent measurements for generation transformers are taken from their 
high-voltage sides, e.g., the delta winding side of the step-up transformer 
of PEIRESs. Accordingly, the angle displacements caused by the trans-
formers are incorporated in equations (5) to (7). Time-domain mea-
surements are then sampled with a frequency of 2 kHz. The discrete 
Fourier transform (DFT) is used to estimate the phasors of the recorded 
time-domain waveforms. Any other effective phasor estimation 
methods, such as the real PMU model in [35], could be used to provide 
more accuracy if needed.  

A. General Evaluation of the Proposed Scheme 

An arbitrary set of 22 PEIRESs with different control strategies and 
settings are added to the 39-bus system, as detailed in Table 1. This set of 
PEIRESs is also applied for parts B, C, D, and E in this section. Buses 3, 5, 
8, 11, 14, 16, 19, 23, 25, 27, 29 and 39 are equipped with PMUs [36], 
which are also valid for parts B, C, D and F. The model and other pa-
rameters of simulated PEIRESs are listed in the Appendix. 

As explained, the proposed scheme estimates the voltage dips at 
PEIRESs to determine their operating modes and the way they are 

Fig. 3. Conceptual diagram of the proposed WABP scheme.  

Fig. 4. Flowchart of the functions of the “PEIRES Incorporation Unit”.  

Table 1 
Control Strategies/Settings and Locations of PEIRESs.  

Location (Bus 
No.) 

Control Strategy Control Setting 

1,17 Suppressing Negative 
Sequence Current 

inmax = 0, Sn = 100 MVA, Pref = 0.8 
pu, Qref= 0.2 pu 

2,6,9,13,14,18,22 Mitigating Active Power 
Ripple 

inmax = 0.3, Sn = 150 MVA, Pref =

0.9 pu, Qref= 0.1 pu 
3,7,10,15,19,28 Mitigating Reactive 

Power Ripple 
inmax = 0.4, Sn = 150 MVA, Pref =

0.9 pu, Qref= 0.1 pu 
4,5,8,12,20,21,24 Imitating an Impedance inmax = 0.4, Sn = 150 MVA, Pref =

0.9 pu, Qref= 0.1 pu, zn = 0.3 ∠90o  
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incorporated, i.e., by a current source or an equivalent impedance. To 
demonstrate the capability of the proposed scheme for doing so, a solid 
1-ph-g fault at 95% of line 3–4 is explored. As per the GB Grid Code, 
PEIRESs undergoing voltage dips of more than 10% are set to operate in 
the fault mode. Fig. 5 shows the initial estimation of the post-fault 
voltage profile and the actual voltage profile at 80 ms following the 
fault inception. Accordingly, Table 2 reports the identified operating 
modes of PEIRESs and the way that each one is incorporated in the 
WABP formulation. As can be seen from Fig. 5, the estimated voltage 
dips of some PEIRESs are within the uncertain range. However, the 
operating modes of all PEIRESs are finally identified correctly. The 
amplitude and angle errors between the real and the estimated negative- 
sequence current or impedance of PEIRESs are combined into a single 
error quantity referred to as total vector error (TVE) [37], and listed in 
the last column of Table 2. Fig. 6 depicts the WSSRs of all lines for up to 
300 ms after the fault inception. As can be seen, the small-
est WSSR correctly indicates the true faulted line with sufficient 
distinction from other candidate lines. The fault location result for this 
case has only 0.19% error from its actual value. 

Due to indefinite wide-area communication latencies, the proposed 
scheme cannot be employed for primary protection but for backup 
protection. As mentioned, a few hundred milliseconds is available for 
WABP before making a trip decision [1,2]. Nonetheless, WABP should 
be fast enough and be able to make a reliable decision once enough PMU 
data are received at the control center. A limited number of multipli-
cation and addition operations is needed to calculate the required 
PEIRES equivalent impedances and the scalar index WSSR for each 
candidate line. According to extensive simulations conducted, less than 
three iterations are required for every iterative step on average. The 
average computation time of the whole procedure is about 50 ms, on a 
2.8 GHz processor with 8 GB of RAM, which is less of a concern than 
communication latencies in the context of decision time available for 
WABP. It should be noted that for bigger power systems, the proposed 
WABP can be efficiently limited to the disturbed area whose boundaries 
are observed by PMUs. This approach has already been presented and 
successfully tested in [18]. Besides, the related process can also be 
effectively parallelized on both software and hardware levels. Further 
progress in communication technology to reduce the communication 
latencies can allow the implementation of the proposed scheme for the 
main protection in the future. 

Table 3 summarizes the main characteristics of the most effective 
WABP schemes in the literature that are insensitive to fault resistance 
and independent of local protective relays. As can be seen, the proposed 

scheme can account for the presence of PEIRESs while outperforming 
other schemes in many aspects, such as tolerance against PMU losses, 
low computational burden, and independence of specific PMU place-
ment. According to Table 3, since the scheme presented in [18] has 
better characteristics than other schemes listed, the performance of the 
proposed scheme is only compared with that of [18]. 

The proposed method does not operate following symmetrical faults 
as no significant negative sequence quantity will be present under such 
conditions. To show the effectiveness of the proposed WABP scheme, 
various types of asymmetrical faults are applied at different locations on 
every line in the system with fault resistances of 0 Ω, 20 Ω, and 100 Ω. In 
each case, the calculated fault location is averaged over 80–300 ms 
following the fault inception. The performance of the proposed scheme 
is compared to that of the WABP scheme presented in [18]. Simulations 
show that the presence of PEIRESs has a more significant influence on 
the success rate of faulted-line identification for faults closer to sub-
stations. Thus, only results for faults on the first and last 20% of line 
lengths are reported. Table 4 summarizes obtained results in terms of 
Faulted-Line Identification Success Rate (FLISR) and Average Fault 
Location Error (AFLE). As explained, the operating modes of the PEIRES 
are automatically identified by the scheme. Accordingly, another index 
reported in Table 4 is PEIRES Operating Mode Identification Success 
Rate (POMISR). It can be seen that the proposed scheme successfully 
pinpoints the faulted line irrespective of the fault resistance with a 
success rate of more than 99% on average. As expected, the scheme 
presented in [18] demonstrates a noticeably lower accuracy and success 
rate for not considering the presence of PEIRESs. This clearly demon-
strates the superiority of the proposed scheme over the existing scheme 
in the presence of PEIRESs, given the reliability requirements for pro-
tection applications [1–2]. 

Fig. 5. Actual and initial estimation of post-fault voltage profile at 
PEIRES locations. 

Table 2 
Performance of the Proposed WABP Scheme for a Solid 1-ph-g Fault at 95% of Line 3–4.  

Detected Operating Mode Incorporation Method PEIRES Bus No. Ave. TVE Max. TVE 

Steady-State Mode N/A 1,2,3,9,10,15,17,18,19,20,21,22,24,28 N/A N/A 
Fault Mode Replace by a current source 5,8,13,14 1.82% 2.74% 

Replace by an impedance 4,6,7,12 4.08% 7.75%  

Fig. 6. WSSRs of different candidate lines calculated over time following a solid 
1-ph-g fault at 95% of line 3–4. 

Table 3 
Comparison between the Main Characteristics of Different WABP Schemes.  

Comparison aspect [13,15] [14,17] [16] [18] Prop. 

Tolerate PMU losses? No Yes Yes Yes Yes 
Need specific PMU placement? Yes No No No No 
Computation burden Low Low High Low Low 
Need statuses of local relays? No No No No No 
Sensitivity to fault resistance Low Low Low Low Low 
Address the presence of PEIRESs? No No No No Yes  
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B. Sensitivity to Measurement Errors 

To simplify the compliance specification of PMUs, amplitude and 
angle error bounds are combined into TVE quantities. Here, TVE is a 
measure of the difference between the phasor reported by the PMU and 
the true phasor. The performance of the proposed scheme with input 
phasors having different ranges of TVEs is studied in this Subsection. To 
this end, 100 arbitrary asymmetrical faults are applied at different lo-
cations throughout the transmission system. The fault resistance is set to 
have a random value between 0 Ω and 50 Ω. Measurement errors are 
assumed to have a normal distribution around the true value of corre-
sponding phasors. Each simulated case is repeated 100 times for 
reporting FLISR and AFLE. The obtained results are tabulated in Table 5, 
where the three-sigma criterion is used for reporting the error range 
[18]. As expected, larger measurement errors result in less success rate 
for the proposed scheme. From a practical point of view, the proposed 
scheme proves to have sufficient robustness against measurement errors 
as it functions correctly for more than 98.81% of the cases with up to 5% 
measurement errors.  

C. Sensitivity to Parameter Errors 

In this Subsection, the impact of transmission line and generator 
parameter errors on the success rate of the proposed WABP scheme is 

scrutinized. Tables 6 and 7 summarize obtained results when lines and 
generators are considered to have random parameter errors within 
different ranges. The same short-circuit faults as those in the previous 
Subsection are examined in this study. Each simulated case is repeated 
100 times for reporting FLISR and AFLE. As expected, the success rate of 
the scheme decreases as the variation range of parameter errors in-
creases. Practically speaking, the success rate still remains in an 
acceptable range, even for errors of up to 5%.  

D. Sensitivity to Pre-Fault Negative Sequence Components 

Grid Codes dictate the maximum negative sequence voltage caused 
by voltage unbalance to be maintained below certain small values [38]. 
For instance, the maximum permissible voltage unbalance allowed by 
the GB Grid Code is 1.5% in the transmission grid. This requirement is to 
be strictly followed by system operators to avoid the damaging impact of 
the negative sequence components on rotating machines. To scrutinize 
the impact of the pre-fault negative sequence components, up to 1.5% 
negative-sequence voltages are induced at different buses in the pre- 
fault condition by making load and line parameters slightly unbal-
anced. The success rate of the proposed algorithm in this condition with 
fault resistances of 0 Ω, 20 Ω, and 100 Ω is reported in Table 8. As can be 
seen, permissible pre-fault negative sequence components do not 
noticeably impair the performance of the proposed scheme.  

E. Observability and PMU Coverage 

Full network observability is not a prerequisite for the proposed 
scheme to function properly. However, the variance of the estimated 
unknowns in (10) can be obtained by 

(
H*R− 1H

)− 1 [39], which means a 
greater number of PMUs provides higher accuracy. 

Further simulations show that installing a PMU in poorly PMU- 

Table 5 
WABP Sensitivity to Measurement Errors.  

Results Variation Range for Measurement Errors (%) 

±1 ±2 ±3 ±4 ±5 

FLISR (%)  99.42  99.36  99.21  99.14  98.81 
AFLE (%)  0.57  0.60  0.64  0.72  0.83  

Table 6 
WABP Sensitivity to Line Parameter Errors.  

Results Variation Range of Line Parameter Errors (%) 

±1 ±2 ±3 ±4 ±5 

FLISR (%)  99.21  98.82  98.35  97.77  97.33 
AFLE (%)  0.72  1.15  1.76  2.32  3.07  

Table 7 
WABP Sensitivity to Generator Parameter Errors.  

Results Variation Range of Generator Parameter Errors (%) 

±1 ±2 ±3 ±4 ±5 

FLISR (%)  99.42  99.34  99.13  98.92  98.73 
AFLE (%)  0.54  0.62  0.78  0.96  1.09  

Table 8 
WABP Sensitivity to Pre-Fault Negative Sequence Components.  

Results Up to 1.5% Pre-Fault Voltage 
Unbalance 

No Pre-Fault Voltage 
Unbalance 

0 Ω 20 Ω 100 Ω 0 Ω 20 Ω 100 Ω 

FLISR (%)  99.06  98.83  99.74  99.39  99.62  99.77 
AFLE (%)  0.73  0.84  0.91  0.51  0.57  0.67  

Table 9 
WABP Sensitivity to the Number of PMUs.  

Results Number of PMUs 

12 11 10 9 8 

FLISR (%)  98.92  98.02  97.60  96.84  96.01 
AFLE (%)  1.10  1.26  1.47  1.76  1.82  

Table 4 
General Performance of the Proposed WABP Scheme.  

Fault Type Results Proposed Scheme Scheme in [18] 

0 Ω 20 Ω 100 Ω 0 Ω 20 Ω 100 Ω 

Single Phase to Ground FLISR (%) 99.64 99.78 100 85.22 91.25 95.3 
AFLE (%) 0.56 0.61 0.74 6.89 4.23 2.74 
POMISR (%) 99.63 99.83 99.86 N/A N/A N/A 

Phase to Phase FLISR (%) 100 100 100 87.43 90.85 94.92 
AFLE (%) 0.44 0.48 0.56 6.58 4.63 3.04 
POMISR (%) 99.08 99.45 99.58 N/A N/A N/A 

Two Phase to Ground FLISR (%) 98.53 99.07 99.32 85.96 90.56 94.81 
AFLE (%) 0.54 0.61 0.69 7.11 5.84 3.21 
POMISR (%) 99.08 99.57 99.66 N/A N/A N/A  
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covered areas increases the success rate of faulted line identification. To 
demonstrate this, the performance of the proposed scheme is studied 
with different numbers of PMUs. For each specific number of PMUs, 50 
randomly created placements leading to a solvable system of equations 
with a unique solution have been considered. The FLISR and AFLE 
indices obtained for the foregoing set of asymmetrical faults are sum-
marized in Table 9. As can be seen, larger numbers of PMUs result in 
more accurate and reliable results. It can be concluded that the more 
intensely PMUs cover the fault area, the bigger the WSSRs of other 
candidate locations. This also shows that missing data of a few PMUs 
would not adversely affect the scheme’s performance.  

F. Impact of PEIRES Locations and Control Strategies 

This Subsection studies the impact of the number, location, and 
control strategies/settings of PEIRESs on the scheme’s performance. The 
total active power generated in the system is maintained constant to 
obtain different penetration levels of PEIRESs. For each specific number 
of PEIRESs, 50 randomly created placements have been considered. To 
examine the impact of PEIRES control strategies, five different scenarios 
are defined for each PEIRES placement. For the first to fourth scenarios, 
one of the control strategies described in Section II is selected and 
applied to all PEIRESs. In the fifth scenario, the control strategy of each 
PEIRES is randomly selected. The control settings of each PEIRES, i.e., 
Sn, Pref , Qref , inmax, |zn|, and θn are randomly selected within [100, 150] 
MVA, [0.85, 0.95] pu, [0.1, 0.3] pu, [0.2, 0.4] pu, [0.2, 0.6] pu, and 
[60◦, 90◦], respectively. 

The FLISR and AFLE indices obtained for a set of 100 asymmetrical 
short-circuit faults are summarized in Table 10. In the proposed scheme, 
all PEIRESs are accurately modeled by an impedance or replaced by a 
current source. As a result, the number, location, and control strategies/ 
settings of PEIRESs do not have a noticeable adverse effect on the per-
formance of the scheme. 

6. Conclusion 

This paper puts forward a wide-area backup protection (WABP) 
scheme for transmission systems with high penetration of renewable 
energy sources. An efficient technique is proposed to capture the 
behavior of non-synchronous generations during faults based on their 
control strategies. The formulations are focused on four well-established 
negative-sequence control strategies of power electronics interfaced 

renewable energy sources (PEIRESs) in the literature. The superimposed 
circuit technique is used for deriving an overdetermined system of linear 
equations with reference to the short-circuit fault in question. This re-
sults in robust fault location based upon the weighted sum of squared 
residuals (WSSR) concept. 

It is also demonstrated that modeling all PEIRESs as unknown cur-
rent sources may render the system of equations unsolvable. As detailed 
in the paper, this can be avoided by modeling a limited number of 
PEIRESs as current sources. The rest should be modeled by an equivalent 
impedance according to their control strategies/settings and over-
current limits. Replacing PEIRESs by equivalent impedances involves 
more computational burden but will give rise to the same accurate re-
sults, as verified by extensive simulations. The extra computational 
burden can be seen as the price paid for not imposing any rigid con-
straints on PMU numbers and locations. A total of more than 80,000 
simulations conducted show that the proposed scheme is highly robust 
against factors such as measurement and parameter errors. The pro-
posed scheme outperforms existing WABP schemes in a wide variety of 
conditions examined. This is the case irrespective of the asymmetrical 
fault type, PEIRES penetration level, locations, and control strategies. As 
the proposed scheme does not require full network observability, 
missing data of a few PMUs would not noticeably affect its performance. 
Thanks to the foregoing advantages, the authors believe that the pro-
posed scheme is a step forward in the context of promoting and 
encouraging practical implementations of WABP. 
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Appendix: Model and Parameters of PEIRESs 

PEIRESs are modeled as static generators in DIgSILENT Power-
Factory. The parameters of simulated PEIRESs and the applied con-
trollers, other than those in Table 1, are listed in Table A1. 

Table 10 
WABP Sensitivity to Control Strategy/Settings, Number, and Locations of 
PEIRES.  

Scenario No. Results Number of PEIRES 

28 24 20 16 12 

1 * FLISR (%)  99.46  99.50  99.68  99.68  99.72 
AFLE (%)  0.66  0.64  0.52  0.50  0.50 
POMISR (%)  99.51  99.56  99.69  99.68  99.71 

2 * FLISR (%)  99.36  99.40  99.46  99.56  99.56 
AFLE (%)  0.63  0.61  0.59  0.59  0.58 
POMISR (%)  99.62  99.31  99.39  99.42  99.42 

3 * FLISR (%)  99.38  99.46  99.48  99.54  99.54 
AFLE (%)  0.56  0.55  0.55  0.53  0.52 
POMISR (%)  99.54  99.33  99.36  99.43  99.45 

4 * FLISR (%)  99.32  99.36  99.38  99.42  99.50 
AFLE (%)  0.67  0.62  0.58  0.57  0.55 
POMISR (%)  99.77  99.76  99.78  99.79  99.78 

5 ** FLISR (%)  99.34  99.36  99.44  99.47  99.50 
AFLE (%)  0.62  0.60  0.59  0.58  0.56 
POMISR (%)  99.71  99.71  99.73  99.74  99.76 

* All PEIRESs are set to 1) suppress neg. seq. current, 2) mitigate active power 
ripple, 3) mitigate reactive power ripple, 4) imitate an impedance. 
** Every PEIRES is randomly set to one of the foregoing control strategies. 

Table A1 
Model and Parameters of PEIRESs.  

Plant Category Renewable Generation 

Technology Three phase 
Number of Parallel Units 30 
Proportional Gain of PLL 10 
Integration Gain of PLL 30 
Prop. Gain of Curr. Controller (d- and q-axis) 1 
T. Cons. of Curr. Controller (d- and q-axis) 4 ms 
Impedance of the Series Reactor 0.1 pu 
Positive Sequence Control Strategy Based on the GB Grid Code 
Positive Sequence Maximum Curr. 1 pu  
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active unit protection scheme for inverter dominated islanded microgrids. 
International Journal of Electrical Power & Energy Systems Nov. 2022;142: 
p108125. 

[26] Biswal S, Swain SD, Patidar RD, Bhoi AK, Malik OP. Integrated wide-area backup 
protection algorithm during stressed power system condition in presence of wind 
farm. Arabian J Sci Eng Jan. 2021;8:1–14. 

[27] Song X, Wang Y, Hu W, Wang Z. Three reference frame control scheme of 4 wire 
grid-connected inverter for microgrid under unbalanced grid voltage conditions. 
Proc. IEEE APECE Feb. 2009:1301–5. 

[28] Jia K, Yang Z, Fang Y, Bi T, Sumner M. Influence of inverter interfaced renewable 
energy generators on directional relay and an improved scheme. IEEE Trans Power 
Electron Dec. 2019;34(12):11843–55. 

[29] Aji H, Ndreko M, Popov M, van der Meijden MAMM. Investigation on different 
negative sequence current control options for MMC-HVDC during single line to 
ground AC faults. In: 2016 IEEE PES Innovative Smart Grid Technologies 
Conference Europe (ISGT-Europe); 2016. p. 1–6. 

[30] Technische Regeln für den Anschluss von Kundenanlagen an das 
Hochspannungsnetz und deren Betrieb (TAR Hochspannung), VDEARN 4120 
Anwendungsregel: 2018-11. 

[31] Johns AT, Jamali S. Accurate fault location technique for power transmission lines. 
IEE Proc. C, Gener., Transm., Distrib. Nov. 1990;137(6):395–402. 

[32] Meyer CD. Matrix analysis and applied linear algebra. Philadelphia, PA, USA: 
SIAM; 2001. 

[33] Dobakhshari AS, Azizi S, Paolone M, Terzija V. Ultra-fast linear state estimation 
utilizing SCADA measurements. IEEE Trans Power Syst Jul. 2019;34(4):2622–31. 

[34] Kabiri R, Holmes DG, McGrath BP. Control of active and reactive power ripple to 
mitigate unbalanced grid voltages. IEEE Trans. Ind. Appl. Mar. 2016;52(2):1660–8. 

[35] Romano P, Paolone M. Enhanced interpolated-DFT for synchrophasor estimation in 
FPGAs: theory, implementation, and validation of a PMU prototype. IEEE Trans 
Instrum Meas Dec. 2014;63(12):2824–36. 

[36] Azizi S, Dobakhshari AS, Sarmadi SAN, Ranjbar AM. Optimal PMU placement by 
an equivalent linear formulation for exhaustive search. IEEE Trans Smart Grid Mar. 
2012;3(1):174–82. 

[37] IEEE Standard for Synchrophasor Measurements for Power Systems, IEEE Std. 
C37.118.1-2011, 2011. 

[38] Ghassemi F, Perry M. Review of voltage unbalance limit in the GB Grid Code 
CC.6.1.5 (b). Accessed: Jul. 11, 2020. [Online]. Available: https://www.nationa 
lgrid.com. 

[39] Schweppe FC, Wildes J. Power system static-state estimation, Part I: Exact model. 
IEEE Trans on Power Apparatus and system 1970;89(1):Jan. 

M. Rezaei Jegarluei et al.                                                                                                                                                                                                                     

http://refhub.elsevier.com/S0142-0615(22)00530-0/h0005
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0005
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0010
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0015
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0015
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0015
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0025
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0025
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0025
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0030
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0030
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0030
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0035
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0035
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0040
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0040
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0040
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0045
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0045
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0045
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0045
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0050
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0050
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0050
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0055
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0055
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0055
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0060
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0060
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0065
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0065
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0065
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0070
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0070
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0075
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0075
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0075
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0080
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0080
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0080
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0085
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0085
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0090
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0090
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0090
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0095
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0095
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0095
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0100
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0100
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0105
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0105
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0105
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0110
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0110
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0110
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0115
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0115
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0120
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0120
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0125
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0125
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0125
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0125
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0130
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0130
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0130
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0135
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0135
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0135
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0140
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0140
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0140
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0145
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0145
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0145
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0145
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0155
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0155
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0160
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0160
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0165
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0165
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0170
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0170
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0175
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0175
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0175
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0180
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0180
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0180
https://www.nationalgrid.com
https://www.nationalgrid.com
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0195
http://refhub.elsevier.com/S0142-0615(22)00530-0/h0195

	Wide-Area backup protection against asymmetrical faults in the presence of renewable energy sources
	1 Introduction
	2 PEIRES configuration and power control strategy
	3 The proposed superimposed circuit technique
	4 Modify the superimposed circuit for WABP
	5 Performance evaluation
	6 Conclusion
	CRediT authorship contribution statement

	Declaration of Competing Interest
	Data availability
	Appendix: Model and Parameters of PEIRESs
	References


