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Abstract 

The penetration of Inverter-Based Resources (IBRs) into the grid increased significantly in recent years. This poses a significant 

challenge to distance protection (DP). In fact, DP has been designed based on the behaviour of synchronous generator (SG) 

during faults. The behaviours of SGs and IBRs during faults are very different. Today, DP is used to protect transmission lines 

interconnected with IBRs. RTE, the French TSO, facing an increasing integration of IBRs is questioning its interconnection 

specifications in terms of selectivity support. This paper presents an analysis of the phase currents injected by a wind turbine 

using coupled sequence control (CSC) and decoupled sequence control (DSC) and their potential impact on the DP, in particular 

on phase selection. This study is carried out by using the EPRI benchmark FSC available in EMTP-RV. The results show that 

with CSC control, a single-phase-to-earth fault with low fault resistance, behaves as a phase-to-phase fault. Conversely, a phase-

to-phase fault behaves as a single phase-to-earth fault. This can lead to incorrect selection of the faulted phase. The results also 

show that with DSC control, there is a slight improvement in the injection of negative sequence current compared to CSC 

control. 

1. Introduction 

The penetration of Inverter-Based Resources (IBRs) into the 

power system presents a significant challenge for the power 

system protections (PSPs), particularly distance protection 

(DP). PSPs have been designed based on the behaviour of 

synchronous generator (SG). The negative sequence current 

(I2) contributed by the SG during unbalanced faults is 

significantly high compared to the negative sequence current 

injected by IBRs and the angle between the negative sequence 

voltage (V2) and I2 is typically around 90° [1], [2]. The 

behaviour of IBRs during faults is totally different from SG 

due to the current limitation by the control of IBRs. The former 

IBRs used the Coupled Sequence Control (CSC) scheme 

which does not allow to inject I2 during unbalanced faults. 

However, there is a small I2 value still exists due to the 

unbalanced voltage created into the network. Today, 

Decoupled Sequence Control (DSC) is required by almost all 

TSOs in order to inject the positive sequence current (I1) and 

I2 simultaneously during faults. However, the magnitude of 

the total current injected by IBRs is still limited to 1.2 p.u. 

Many papers in the literature discuss about the impacts of IBRs 

on power system protection, such as [3], [4], [5]. However, 

there is a lack of research on the potential impact of Single 

Line to Earth (SLE) faults behaving as Line-Line to Earth 

faults (LLE) and Line-Line fault (LL) or LLE behaving as SLE 

faults on distance relays that use phase currents to perform the 

phase selection. This paper explains the behaviour of the phase 

currents injected by a Wind Turbine (WT) during SLE, LL and 

LLE faults using CSC and DCS controls.   

2. Wind Turbine Model 

This study is conducted by using the EPRI Benchmark FSC 

(Full Scale Converter) model available in EMTP-RV and this 

model includes the coupled sequence control (CSC) and 

decoupled sequence control (DSC). The vector group of the 

MV/HV transformer (Tr) of the wind turbine is dYn. The 

neutral is directly earthed. In general, the French TSO, RTE, 

sets an impedance for earthing the neutral of the HV 

transformers. To comply with this practice, a 38Ω reactance 

has been added to the Tr neutral of the WT model.  The 

parameters of the WT model can be found in EMTP-RV model 

and those of the line are given in Table 1. 

Table 1  Line parameters 

Line parameters 

X1[Ω] X0[Ω] R1[Ω] R0[Ω] C1[μF] C0[μF] 
20 67 3 10 460 260 

Where, X1, R1, C1, X0, R0 and C0  are the positive and zero 

sequences of reactance, resistance and capacitance 

respectively.  

 In the following sections 2.1 and 2.2, the CSC and DSC 

control schemes will be brief discussed. 

2.1. Coupled Sequence Control Scheme 

The positive sequence current which will be injected by the 

WT with the CSC control during faults is defined as:  

 I1 = Id + jIq                                                                                (1) 
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With: 

❑ Iq = k∆V1 and  2 ≤ k ≤ 6  

❑ Id = √Imaxi
2 − Iq

2                                         

❑ Imaxi ≤ 1.2 p. u.  
Id and Iq are d-q axis current in per-unit. Imaxi is the maximum 

current of the inverter and V1 is the positive sequence voltage 

in p.u. Usually the positive sequence of the voltage dip is 

calculated using (2), but this WT model uses (3):   

∆V1 = 1 − V1                                                                                (2)  
∆V1 = Vmem − V1                                                                        (3)  
Vmem is the memorized voltage. It is memorized for 250ms.  

I1 can be written as (1) [6]:  

I1 = I1e
j[tan−1 (

Iq

Id
+(∠V1) ) 
  

]
                                                            (4)  

As it can be seen from (4), the angle of I1 depends both d and 

q currents axis injected and the angle of V1.  

For more information on the CSC control scheme of the Grid 

Following (GFL) inverter, please refer to [7], [8]. 

2.2. Decoupled Sequence Control Scheme 

The positive and negative phasor currents,  I1 and I2 which will 

be injected by the inverter during faults can be written as [6]:  

I1 = I1e
j[tan−1 (

Iq

Id
+(∠V1) ) 
  

]
                                                           (5) 

I2 = I2e
j[tan−1 (90+(∠V2) )   ]                                                           (6) 

Where, V2 is the negative sequence voltage. According to (6), 

the angle of I2 depends on the negative-sequence voltage. For 

more information on DSC control scheme, please refer to [9]. 

3. Analysis of Fault Phase Currents of Wind 

Turbine Using the CSC Control Scheme 

This section analyses the phase currents injected by the WT 

during Single Line-to-Earth (SLE), line-to-line (LL), and 

Line-to-Line-to-Earth faults will be analysed.  

To analyse the phase currents of the WT during faults, a 

methodology is used to construct and analyse the real and 

imaginary parts of the phase currents, as shown in Fig. 1. The 

simulation results of different faults into EMTP-RV are 

exported to COMTRADE files [10]. Then, the COMTRADE 

files are imported in MATLAB/Simulink. The zero, positive 

and negative sequence phasor currents are then calculated. The 

real and imaginary parts of the phase A, B and C currents 

obtained from the zero, positive and negative sequence 

currents are used in the following analysis.   

 

 

To explain the behaviour of the phase currents injected by the 

WT during SLE, LL and LLE faults, the phasor currents are 

used to analyse the impact of the phase angle between the 

positive, negative and the zero sequence currents on the phase 

currents. 

The phasor currents can be written as (7):   

{

Ia = I1 + I2 + I0      

Ib = a2I1 + aI2 + I0
Ic = aI1 + a

2I2 + I0

                                                                 (7) 

Where, Ia, Ib, and Ic are the phasor currents of phases A, B, 

and C respectively. I1, I2, and I2 are the phasors of the positive, 

negative and zero sequence currents respectively. The phasor 

rotation operator a is equal to  −
1

2
+

𝑗√3

2
.  Substituting 𝑎 in (7) 

and also the real and imaginary parts of  I1, I2 and I2 in (7), (8) 

is obtained:  

{
 
 
 
 
 

 
 
 
 
 
Iar = I1r + I2r + I0r                                             

Ibr = −
1

2
(I1r + I2r) +

√3

2
 (I1i − I2i) + I0r   

Icr = −
1

2
(I1r + I2r) +

√3

2
(−I1i + I2i) + I0r 

Iai =  I1i + I2i +  I0i                                              

Ibi = −
1

2
(I1i + I2i) −

√3

2
(−I1r + I2r) + I0i   

Ici = −
1

2
(I1i + I2i) +

√3

2
(I1r − I2r) +  I0i      

                   (8) 

Iar, Ibr, Icr are the real parts of Ia, Ib and Ic. Iai, Ibi, Ici are the 

imaginary parts of Ia, Ib and Ic.  

3.1. Single Line to Earth Fault with Low Value of Fault 

Resistance 

To analyse the phase currents of the WT during SLE faults, a 

phase A to Earth (AE) fault with a fault resistance, RF equal to 

0.01Ω is simulated at 2 s for a 100 ms period. Fig. 2 shows the 

currents injected by the WT during the fault. The RMS phase 

currents values Ia, Ib, and Ic in the secondary side of current 

transformer (SSCT) are 1.48A, 1.55A and 0.42A respectively. 

As it can be seen in Fig. 2, AE fault currents are similar to 

those of a line-to-line fault. Furthermore, the current in phase 

B exceeds that of the faulted phase A.   

 

  

Despite the fact that the CSC control scheme does not allow to 

inject I2, there is a small I2 value due to the unbalance created 

into the grid during unbalance faults. However, for this study, 

first I2 will be neglected.  

3.1.1 The negative-sequence current is neglected: By 

neglecting I2, (9) is obtained: 

Fig. 2 RMS Phase Currents with CSC control  

Fig. 1 Methodology  
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{
 
 
 
 
 

 
 
 
 
 
Iar = I1r + I0r                                                      

Ibr = −
1

2
I1r +

√3

2
 I1i + I0r = Term1 + I0r

Icr = −
1

2
I1r −

√3

2
 I1i + I0r = Term2 + I0r

Iai = I1i + I0i                         

Ibi = −
1

2
I1i −

√3

2
 I1r + I0i = Term3 + I0r

Ici = −
1

2
I1i +

√3

2
 I1r + I0i = Term4 + I0r

                  (9) 

The equation system (9) is used to analyse the effects of the 

angles between I1r and I0r, Term1 and I0r, Term2 and I0r on 

Iar, Ibr and Icr respectively. 

The result of the AE fault with RF equal to 0Ω is used to 

analyse Iar. Fig. 3 shows the result of real part of Ia with its 

different terms. The maximum values of I1r and I0r in SSCT 

are 1.05A and 0.707A respectively. The angle between I1r and 

I0r is 75°. The maximum value of the real part of  Ia  is 1.409A. 

Since the angle between I1r and I0r is close to 90°, therefore, 

the result of Iar which is the sum of I1r and I0r is not very high 

compare to Ibr. 

   

To explain the impact of the angle between Term1 and the real 

part of zero sequence current on the real part of the phase B, 

the AE fault with RF = 0Ω is used. Fig. 4 shows that the 

maximum values of Term1, I0r and the angle between Term1 

and I0r are 1.093A, 0.611A and 45° respectively. The 

maximum value of Ibr is 1.546A. Since the angle between 

Term1 and the I0r is relatively small, much less than 90°, the 

real part of the Ib is high and greater than the real part of Ia. 

Fig. 4 Real parts of phase B current 

To explain the impact of the angle between Term2 and the real 

part of the zero-sequence current on the real part of phase C, 

the AE fault with RF equals to 0Ω is used. Fig. 5 shows that 

the maximum values of Term2, I0r and the angle between 

Term2 and I0r are 1.094A, 0.611A and 165° respectively. The 

maximum value of Icr is 0.499A. As it can be seen in Fig. 5, 

the angle between Term2 and I0r is very high, almost in phase 

opposition. Therefore, the real part of Ic is very low. 

 

Table 2 summarises the analysis performed on the imaginary 

parts of the three phase currents injected by the WT during the 

AE fault with RF equals to 0Ω. Similar results are obtained for 

both the real and imaginary parts. The results observed in this 

section 3.1 show that, the smaller the angle between the 

positive and zero sequence currents, the higher the current 

value.  

Table 2 Imaginary parts currents results 

Imaginary Parts 

Max value of current [A] Angle (𝜑) in [°] 

𝐈𝐚𝐢 1.418 φ(I1i, I0i) 75.24° 

𝐈𝐛𝐢 1.563 φ(Term3, I0i) 45.04° 
𝐈𝐜𝐢 0.517 φ(Term4, I0i) 165.24° 

 

The effect of the negative sequence current on the phase 

currents of the WT during SLE fault with the CSC control will 

be discussed in the section 3.1.2. 

3.1.2. The negative sequence current is considered: The same 

process carried out from (7) to (9) is carried out in this section. 

Considering I2, (10) is obtained: 

{
 
 
 
 

 
 
 
 
Iar = I1r +  I2r + I0r  =      Term5 + I0r                               

Ibr = −
1

2
(I
1r
+ I2r) +

√3

2
 (I
1i
− I2i) + I0r = Term6 + I0r   

Icr = −
1

2
(I
1r
+ I2r) +

√3

2
(−I

1i
+ I2i) + I0r = Term7 + I0r  

Iai = I1i +  I2i + I0i         = Term8 + I0r                                  

Ibi = −
1

2
(I
1i
+ I2i) −

√3

2
(−I

1r
+ I2r) + I0i = Term9 + I0r   

Ici = −
1

2
(I
1i
+ I2i) +

√3

2
(I
1r
− I2r) + I0i = Term10 + I0r    

(10)  

The impacts of the angle between Term5 and I0r on Iar value, 

the angle between the Term6 and I0r on Ibr value and the angle 

between the Term7 and I0r on Icr value will be discussed 

respectively in this section. Table 3 shows the results of the 

real part values of the phase currents and the angles between 

their terms.    

Table 3 Real parts currents results with the reverse current 

Real Parts 

Max value of current [A] Angle (𝜑) in [°] 

𝐈𝐚𝐫 1.484 φ(Term5, I0r) 75,06° 

𝐈𝐛𝐫 1.538 φ(Term6, I0r) 53.1° 
𝐈𝐜𝐫 0.589 φ(Term7, I0r) 165.02° 

Table 4 shows the results of imaginary parts values of the 

phase currents and the angles between their terms.   

 

Fig. 3 Real parts of phase A current  

Fig. 5 Real parts of phase C current 
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Table 4 Imaginary parts currents results with I2 

Imaginary Parts 

Max value of current [A] Angle (𝜑) in [°] 

𝐈𝐚𝐢 1.488 φ(Term8, I0i) 75.00° 

𝐈𝐛𝐢 1.540 φ(Term9, I0i) 52.49° 
𝐈𝐜𝐢 0.424 φ(Term10, I0i) 165.17° 

A comparison of the results obtained in sections 3.1.1 and 

3.1.2 reveals that there is negligible variation between them. 

This indicates that the impact of I2 on the phase current values 

can be neglected in case of SLE faults with a low value of RF. 

However, it can be observed that the presence of I2 slightly 

reduces the value of Ib and at the same time increases the value 

of Ia. This phenomenon will be more obvious when using DSC 

control.   

The behaviour of phase currents of WT in case of a SLE fault 

with high values of RF is discussed in the section 3.2. 

3.2. Single Line to Earth Fault with high Value of Fault 

Resistance  

In the case of a SLE fault with RF, the equivalent circuit of the 

sequence network is shown in [11] and the superposition 

method is used to calculate the zero sequence current from the 

WT side. The expression of I0 is given in (11). 

I0 = F0 ∗
E1R

(1−𝑥)Z1L+Z1R+Z0eq+Z2eq+𝟑𝐑𝐅
∗ F1                           (11)  

With :  

❑ F0 =
(1−𝑥)Z0L+Z0R

3Zn+Z0Tr+Z0L+Z0R
 

❑ F1 = 1 + ((1 − 𝑥)Z1L + Z1R) ∗
I1

E1R
 

Where, Z1Tr, Z1L, Z1R, Z2Tr, Z2L, Z2R, Z0Tr, Z0L, Z0R  are the 

positive, negative and zero sequence impedances of MV/HV 

transformer, line and the grid respectively. Zn, is the neutral 

impedance of transformer. Z0eq and  Z2eq are the zero and 

negative sequence equivalent impedances respectively. Z0eq 

and Z2eq are calculated using the Thevenin method. E1R, I1 and 

𝑥 are the voltage source of grid, positive sequence current of 

the WT and the fault distance respectively.  

As it can be seen in (11), the higher the RF value, the smaller 

the I0 value. Table 5 shows the phase currents results of SLE 

faults for different RF values. As it can be seen, I0 decreases 

when RF increases and, at the same time, phase A current value 

is greater than the phase B current value. This means that RF 

reduces the impact of I0 on the phase currents.  

Table 5 Phase current variation according the fault resistance 

RMS values of phase currents   

𝐑𝐅 [Ω] 0.01 10  30 50  

𝐈𝟎 [A] 0.626 0.609 0.518 0.428 

𝐈𝐚 [A] 1.492 1.537 1.505 1.220 

𝐈𝐛 [A] 1.543 1.488 1.323 1.017 

𝐈𝐜 [A] 0.424 0.396 0.406 0.699 

3.3. Line to Line fault 

To analyse the behaviour of WT phase currents during LL 

faults, an AB fault with fault resistance, RF equal to 0Ω  is 

simulated at 2 s for a period of 100 ms. Fig. 6 shows the 

currents injected by the WT during the fault. The RMS current 

values of Ia, Ib and Ic in the SSCT are 1.06A, 1.44A and 1.11A 

respectively. As it can be seen in this figure, these currents 

resemble those of a phase B to earth fault. This indicates that 

a relay using phase currents for phase selection may 

incorrectly identify the faulty phase as B in this case and 

subsequently trip only one phase, when all three phases should 

be tripped.  

  

The behaviour of phase currents of WT during AB fault is 

analysed below. Since there is no I0 in the case of LL 

fault, I0 = 0 and first, I2 is not considered, so (12) is obtained.  

{
 
 

 
 
Ia = I1r + jI1i                                                         

Ib = −
1

2
I1r +

√3

2
I1i + j (−

1

2
I1i −

√3

2
I1r)   

Ic = −
1

2
I1r −

√3

2
I1i + j (−

1

2
I1i +

√3

2
I1r)    

                      (12) 

Fig. 7 shows the result of (12). As the three phase currents 

contain only I1, their values are equal.  

 

Secondly, I2 is considered and is added to (12).  The result is 

shown in Fig. 6. By comparing Fig. 6 and Fig. 7, it can be 

observed that the increase in the phase B current value 

compared to phases A and C is due to the presence of I2 on the 

WT side. Although the value of I2 with the CSC is very low, 

however, it still impacts the phase currents in case of LL faults 

because the I1 value of the WT is small, less than 1.2 p.u. This 

could potentially lead to a single-phase trip, when all three 

phases should be tripped.  

 

The behaviour of phase currents of WT during ABE fault is 

discussed in section 3.4.  

3.4. Line to Line to Earth Fault 

To analyse the behaviour of WT phase currents, an ABE fault 

with RF equal to 0Ω is simulated at 2 s for a 100 ms period. 

The RMS values of Ia, Ib and Ic in the SSCT are 1.968A, 

0.824A and 0.679A respectively. As it can be seen in Fig. 8, 

the current waveforms obtained during the ABE fault are 

similar to the theorical waveforms of a BE fault, as the same 

case for AB fault in the section 3.3. The only difference 

Fig. 7 AB fault result with the CSC control   

Fig. 6 AB fault result with CSC control 
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between the scenarios in 3.3. and 3.4 is the magnitude of the 

phase currents due to the presence of I0 during the fault. In this 

case also, this could potentially lead to a single-phase, when 

all three phases should be tripped.  

 

 

4. Analysis of the Phase Currents during faults 

with the DSC Control Scheme 

Section 4 determines whether the phase currents injected by 

the WT with DSC control scheme differ from those with CSC 

control and assesses how DSC control improves phase 

selection. 

An SLE fault is first analysed in section 4.1. Then, the impact 

of 𝑅𝐹 on I0 during SLE faults and how it changes the phase 

currents is discussed in the section 4.2.  The LL and LLE faults 

are discussed in sections 4.3. and 4.4 respectively. 

4.1. Single Line to Earth Fault 

An AE fault with RF equal 0.01Ω is simulated at 2 s for a 

period of 100 ms. Fig. 9 shows the currents of WT with DSC 

control. The RMS current values of phases A, B and C in 

SSCT are 1.66A, 1.38A and 0.437A. The initial observation 

derived from this result is that the values of the phases A and 

B currents increased during the occurrence of the fault. This 

can lead to an incorrect phase selection and conduct to a three-

phase tripping, when it is only one phase should be tripped. 

The second observation is that the current value of phase A is 

greater than the current of phase B. This behaviour is different 

from the same fault (AE) with CSC control. Since I2 value of 

the WT with the DSC control is slightly high, this reduced the 

impact of I0 on the phase currents. Therefore, the current value 

of the phase B is reduced and the current of the phase A is 

increased. However, the I2 value is not sufficient to ensure that 

only the phase A increased during the AE fault, as is the case 

with the SG behaviour during SLE faults.     

  

4.2. Single Line to Earth Fault with different values of 

Fault Resistance  

Table 6 shows the results of phase currents and I0 in the case 

of an AE faults for different RF values. As it can be seen, the 

more the RF values, the less the I0 values and at the same time, 

the currents values of the faulted phase A are bigger than the 

current values of the phase B. It means that, in case of SLE 

fault with high value of RF, the profile of the WT phase 

currents is similar that of SG. However, the current magnitudes 

of SG are much higher than those of IBRs.  

Table 6: RMS values of phase currents with the DSC control 

𝐑𝐅 [Ω] 0.01 10  30 50  

𝐈𝟎 [A] 0.755 0.682 0.464 0.330 

𝐈𝐚 [A] 1.660 1.658 1.423 1.317 

𝐈𝐛 [A] 1.383 1.199 1.056 0.973 

𝐈𝐜 [A] 0.437 0.205 0.381 0.603 

 

4.3. Line to Line fault 

An AB fault with RF equal to 0Ω is simulated at 2 s for a 

duration of 100 ms. Fig. 10 shows the currents of the WT with 

DSC control. The current values of phases A, B and C are 

0.846A, 1.342A and 0.603A respectively. These current 

waveforms are similar to those of a theorical BE fault. By 

comparing the results shown in Fig. 6 and Fig. 10, it can be 

observed that the results are very similar. The small difference 

between them is that, in the case of an AB fault with the DSC 

control, the impact of I2 on the phase currents is more 

significant than in the case of an AB fault with CSC control. 

The current of phase A increases at the beginning of the fault 

and then decreases. This is due to the fact that 1.5 cycles are 

necessary for I2 to reach its steady state value. As the value of 

I1 increases during the fault and the value of I2 is very low at 

the beginning, the sum of them increases. When I2 reaches its 

steady state value, the angle between I1 and I2 is 113.09°. As 

this angle is greater than 90°, the sum of I1 and I2 decreases. 

This is why the current value of phase A decreases after 1.5 

cycles.   

 

4.4. Line to Line to Earth fault 

Fig. 11 shows the result of an ABE fault with RF equal to 0Ω 

which is simulated at 2 s for a 100 ms period. The values of 

phases A, B and C are 1.715A, 1.286A and 0.256A 

respectively. As it can be seen in Fig. 11, the currents of the 

WT with DSC control during ABE fault demonstrate a high 

degree of similarity to those injected with CSC control during 

Fig. 9: AE fault result with DSC control 

Fig. 10: AB fault result with DSC 

control 

Fig. 8: ABE fault result with the CSC control 



6 

 

AB fault. The small different between them is that the current 

of the phase A decreases at the beginning of the fault and then 

increases. This can be explained by the fact that I2 is almost 

equal to zero for more than two cycles. At that time, the angle 

between of ( I1 +  I2) and I0 is around 142.3° which is much 

greater than 90°. Therefore, the value of Ia decreases at the 

beginning of the fault.  

When I2 reaches its steady state value, the angle between 

(I1 + I2) and I0 is about 90°. Therefore, the sum of I1, I2 and 

I0 (which is equal to Ia), increases slightly. The presence of I0 

during the ABE fault yields higher values of Ia and Ib 

compared to the AB fault seen before.  

 

 

5. Conclusion 

The purpose of this paper is to analyse the behaviour of the 

phase currents injected by a wind turbine during SLE, LL and 

LLE faults with the CSC and DCS controls. The potential 

impact on the phase selection of the distance protection is also 

analysed in the paper. The EPRI Benchmark FSC version 4 

model available in EMTP-RV including the CSC and DSC 

controls is used for this study. The study's findings indicate 

that the behaviour of the phase current injected by the WT 

during a SLE fault with a low fault resistance value is 

analogous to that of LL or LLE faults, attributable to the 

impact of zero-sequence current on the phase currents. 

Conversely, the phase currents injected by the WT with CSC 

and DSC control during an LL faults with a low value of the 

fault resistance are similar to an SLE fault due to the negative 

sequence current present during LL faults. Even though the 

CSC control does not allow the injection of negative sequence 

current, there is a small value of negative sequence current 

which impacts the phase currents. The phase currents are more 

impacted by the negative sequence current during a LL with 

the DSC control than with the CSC control, because the value 

of the negative sequence current is higher with the DCS 

control than with the CSC control. The results also show that 

the phase currents are more impacted during LLE faults than 

LL faults due to the presence of zero-sequence current during 

the faults. 
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Fig. 11: ABE fault result with DSC control 


