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Abstract—Negative-sequence currents at the transmission line 

terminals are widely adopted in differential protection to 

achieve excellent sensitivity. The underlying principle is that the 

traditional power sources (synchronous generators) can be 

treated as inductive reactance in the negative-sequence network. 

However, for the transmission lines connected to Doubly-Fed 

Induction Generator (DFIG) based wind parks (WPs), the 

negative-sequence currents are controlled by fault-ride-through 

(FRT) solutions. This paper first analyzes the phasor 

characteristics between negative-sequence voltage and current 

of a DFIG-based WP under three typical FRT solutions, and 

then evaluates their impact on the dynamic performance of 

negative-sequence differential protection elements (87LQ). The 

analysis indicates that a certain FRT control strategy would 

make DFIG-based WP provide capacitive current into the 

negative-sequence network. This impacts the sensitivity and 

even results in maloperation as shown for the first time in this 

work. The analytical results are validated with detailed time 

domain models and simulations in Simulink. 

Index Terms--Doubly Fed Induction Generator (DFIG), 

differential protection, negative sequence, short circuit, 

unsymmetrical fault. 

I. INTRODUCTION

Line current differential (LCD) protection element 
(denoted by 87L in [1]) is considered as one of the most 
secure and dependable schemes in use today [2]. By 
comparing the current phasors at the local and remote 
terminals, 87L provides excellent sensitivity in discriminating 
internal and external faults [3]. In the digital implementations 
of modern current differential protection, negative-sequence 
currents (other than zero-sequence or phase currents) are 
preferred to detect unsymmetrical faults because of its 
superior invulnerability to line-charging currents, current 
transformer (CT) saturation and large fault resistance [4]-[8]. 
However, the negative-sequence differential protection 
element (referred to as 87LQ in [6] or 872L in [3]) operates on 
the assumption that every power source can be treated as 
constant inductive reactance in the negative-sequence 
network. As a result, since the source of the negative-sequence 
voltage is located at the fault point, negative-sequence current 
phasors of a given two terminals are 180◦ out of phase under 

external fault condition and in phase under internal fault 
condition. Unlike synchronous generators (SGs) in traditional 
power systems, wind parks (WPs) and other inverter-based 
resources (IBRs) would enable various fault-ride-through 
(FRT) strategies and solutions to comply with different grid 
code requirements [9]. Consequently, from the perspective of 
power system, negative-sequence currents contributed by 
IBRs are determined by controllers and it could be capacitive 
rather than inductive [10]. This change in the phase 
relationship introduces an emerging challenge for protection 
engineers, namely what and how much impact there will be as 
the integration of IBRs such as WPs [11] is on the rise. 

The existing 87L operates either on the percentage or 
alpha-plane (current ratio) differential principles. Its digital 
implementations have been well explained in [1]-[8]. In the 
early studies, IBRs have been simply regarded as weak-infeed 
sources and thus 87L has been considered to be immune and 
not susceptible to maloperation due to IBRs [5], [12]. 
However, recent research shows otherwise. In [13], poor 
performance of 87L is analyzed for distribution networks and 
T-connected inverter-interfaced distributed generators (IIDGs). 
Reference [14] reveals that the unbalanced charging current 
introduced by long high voltage submarine cables would 
affect the sensitivity of 87L in offshore WP scenarios. 
References [15] and [16] show that 87LQ operating on alpha-
plane differential principle would even mis operate when full-
size converter (FSC) based wind turbine generators (WTGs) 
(also referred to as Type-IV WTGs) are controlled by the 
traditional coupled sequence control (CSC). 

To the best of authors’ knowledge, although the impact of 
WTGs on various protection elements have been studied [17]-
[21], the phasor characteristics of negative-sequence current 
contributed by Doubly-Fed Induction Generator (DFIG) based 
WTGs (also referred to as Type-III WTGs) as well as its 
impact on 87LQ have not been evaluated and analyzed in 
detail, especially by considering various FRT solutions. To fill 
this gap, two main contributions are made in this paper. It is 
discovered that, when the negative-sequence control of DFIG-
based WTG is employed to eliminate the double grid 
frequency oscillations in electromagnetic torque (described as 
positive negative sequence control on electromagnetic torque 

Submitted to the 22nd Power Systems Computation Conference (PSCC 2022). 

https://doi.org/10.1016/j.epsr.2022.108564 
This is the Pre-Published Version.

© 2022. This manuscript version is made available under the CC-BY-NC-ND 4.0 license https://creativecommons.org/licenses/by-nc-nd/4.0/

mailto:ilhan.kocar@polymtl.ca


 

22nd Power Systems Computation Conference
     

Porto, Portugal — June 27 – July 1, 2022 

    PSCC 2022 

2 

and denoted by PNSC-Tem), 87LQ may misinterpret internal 
short circuits as external faults and therefore does not operate. 
The negative-sequence capacitive currents contributed by 
DFIG-based WTGs are identified as the reason of this kind of 
maloperation. 

The rest of the paper is organized as follows. The 
operating principles and settings of 87LQ are briefly 
introduced in Section II. Phasor characteristics between 
negative-sequence voltage and current of a DFIG-based WTG 
are analyzed under three different FRT solutions in Section 
III. The dynamic performance of 87LQ is evaluated under 
crowbar protection and other FRT control strategies in Section 
IV. Section V evaluates the impact of fault locations and short 
circuit strengths on the maloperation. Finally, conclusions are 
given in Section V. 

II. PROTECTION PRINCIPLES AND SETTINGS 

The basic operating principles and typical settings of 87LQ 
are briefly introduced in this section. It is highlighted that the 
inherent sensitivity of 87LQ is built on the negative-sequence 
inductive currents provided by power sources. 

A. Traditional Power System and Fault Analysis 
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Figure 1.  2-bus traditional power system under 87LQ protection. 
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Figure 2.  Negative-sequence network of the traditional power system. 

A transmission line protected by 87LQ in a traditional 
power system is shown in Fig. 1. The negative-sequence 
network of this traditional power system is shown Fig. 2. In 
the negative-sequence network, resistances are ignored, and 
both the SG and the equivalent system are represented by 
inductive reactances XSG- and Xg-, respectively. Per nodal 
analysis, the negative-sequence current phasors at the local 
and remote buses (İLQ and İRQ) have the same magnitudes but 
opposite phase angles under normal or external unsymmetrical 
fault conditions. However, following the inception of an 

internal unsymmetrical fault on the protected line, İLQ and İRQ 
would become in phase and are given as follows 

 
( ) [(1 ) ]

f f

LQ RQ

SG T l l g

U U
I I

j X X dX j d X X



   

 
 

   
 (1) 

where d is the fault location in per unit. Given that, İLQ and İRQ 
are ideally in phase during an internal fault, the angle 
difference between them is employed in 87LQ to achieve high 
sensitivity in discriminating internal and external 
unsymmetrical faults. It’s worth noting that this kind of phase 
relationship is based on the negative-sequence inductive 
current provided by the SG: the negative-sequence current 

phasor İSG- lags negative-sequence voltage phasor SGU   by 90◦. 

If a new power source provides capacitive current into the 
negative-sequence network behaving like a capacitive 
reactance (-XC-) as shown in Fig. 3, İLQ and İRQ would become 

 
( ) [(1 ) ]

f f

LQ RQ

C T l l g

U U
I I

j X X dX j d X X



   

 
 

    
 (2) 

If XC->XT+dXl-, their angle difference will still be 180◦ even 
under the same internal unsymmetrical fault. This scenario 
does not exist in the traditional power system but become 
possible when IBRs are integrated into the grid. 
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Figure 3.  Negative-sequence network when the power source provides 

capacitive current. 

B. 87LQ Operating on Percentage Differential Principle 

Traditional 87LQ protection schemes first convert İLQ and 
İRQ into operating current (IOP) and restraining current (IRT) by 

 
OP LQ RQ RT LQ RQI I I I I I   

  (3) 
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Figure 4.  Dual-slope percentage differential principle of 87LQ. 
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Then, the trip decision is made by comparing IOP and IRT 
according to the percentage principle shown in Fig. 4. For an 
internal unsymmetrical fault in the traditional power system, 
since İLQ and İRQ are in-phase, IOP=IRT and the trajectory is 
located on the line with a slope of unity (shown as the red 
dashed line in Fig. 4). Otherwise, the trajectory is located at 
the origin for normal operating conditions and on the positive 
real axis (shown as the blue dashed line in Fig. 4) for external 
unsymmetrical faults. A trip signal will be issued when IOP is 
above the pickup threshold Ith and is larger than IRT by a factor 
of k. Typical 87LQ settings are 0.2 pu for Ith and 0.5 for k. 

C. 87LQ Operating on Alpha-plane Differential Principle 

Apart from the percentage differential principle, alpha-
plane differential principle has been proposed and used in 87L 
schemes to achieve better immunity to CT saturation and 
channel asymmetry [22]. The alpha-plane principle calculates 
the complex current ratio İRQ/İLQ using both the amplitude and 
phase angle. The calculated current ratio is plotted on a 
complex plane called alpha plane. For an internal 
unsymmetrical fault in a traditional power system, the current 
ratio is located on the positive real axis (shown as the red solid 
line in Fig. 5) since İLQ and İRQ are in-phase. Under normal 
operating condition and external unsymmetrical fault 
condition, this current ratio becomes -1. The trip decision is 
made if the current ratio falls outside of the restraining zone, 
defined by parameters R and α as shown in Fig. 5. Typical 
87LQ settings are R=5 and α=240◦. 
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Figure 5.  Alpha-plane differental principle of 87LQ. 

III. PHASOR CHARACTERISTICS BETWEEN NEGATIVE-

SEQUENCE VOLTAGE AND CURRENT OF A DFIG-BASED WP 

This section analyzes the phasor relationship between the 
negative-sequence voltage and current of a DFIG-based WP 
under three different FRT solutions. The objective is to 
evaluate how inductive the current is. 

A. Negative-sequence Phasor Characteristics of a DFIG-

based WTG under Crowbar Protection 

The schematic of a DFIG-based WTG is shown in Fig. 6. 
The rotor and grid side converters (RSC and GSC) are rated 
according to the slip power which is typically 30% of the rated 
power of the WTG. Under a severe voltage unbalance, the 
rotor current may exceed the capacity of the RSC, especially 
when using the traditional CSC [23]. To protect the converters 

from overcurrent, crowbar circuit is widely used to bypass the 
rotor winding. 
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Figure 6.  Schematic of a DFIG-based WTG. 

The negative-sequence current of the DFIG under crowbar 
protection has been analyzed in [24]. The negative-sequence 
current is mainly contributed by the stator winding and 
expressed by 

 /WTG s DFIGsI I U Z       (4) 

where ZDFIG- stands for the negative-sequence equivalent 
impedance of the DFIG during the crowbar protection. 
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TABLE I.  PARAMETERS OF A 1.5MW DFIG-BASE WTG 

Parameter Value Parameter Value 

Voltage base for p.u. 469.486 V U
 

dc 1150 V 

Rated active power 1.5 MW P* 0.9 pu 

Power base for p.u. 1.667 MVA Q* 0 pu 

Rs 0.023 pu σ 0.108 

Rr 0.016 pu ω1Ls 3.08 pu 

Rcb 0.140 pu (0.25Ω) ω1Lr 3.06 pu 

ω1 120π rad/s ω1Lm 2.9 pu 

s -0.2 IRSC_max 1.2 pu 

KV+ 2 KV- 2 

 

Inserting the practical parameters for a 1.5 MW DFIG-
based WTG shown in Table I into (5), ZDFIG- as well as the 
negative-sequence current phasor are calculated as 

 0.087+ 0. / ( 75333 .44 )0.3 4sD G sFIZ j I U      (6) 
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Figure 7.  The phasor diagram of the negative-sequence voltage and current 
of a DFIG under crowbar protection. 

The phasor relationship between the negative-sequence 
voltage and current is shown in Fig. 7. It shows that, when the 
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crowbar circuit is triggered, the DFIG-based WTG behaves as 
an inductance in series with a resistance in the negative-
sequence system. 

B. Negative-sequence Phasor Characteristics of DFIG-

based WTG under PNSC-Tem 

Under a mild voltage unbalance, the PNSC-Tem can be 
employed to eliminate the double grid frequency oscillations 
in electromagnetic torque [25], [26]. The required d-axis and 
q-axis negative-sequence rotor currents, with respective to the 
negative-sequence stator voltage reference frame [10], are 

 / )(rd rds sI U U I     (7) 

 ( / )q rqsr sUI U I      (8) 

where Ird+ and Irq+ stand for the d-axis and q-axis positive-
sequence rotor currents, Us+ and Us- stand for the positive- and 
negative-sequence stator voltage magnitudes. 

Per several grid codes such as [27], the priority is on the 
injection of additional positive-sequence reactive current 
during faults. Considering the limitations in [10], Irq+ has the 
priority, thus Ird+ and Irq+ can be simplified as 

 RSC _max0 s

rd rq

s s

U
I I I

U U



 

 

  


  (9) 

Substituting (9) into (7) and (8), Ird- and Irq- become  

 RSC _max0 s

rd rq

s s

I I I
U

U

U










 


  (10) 

Substituting (10) into the negative-sequence model of the 
DFIG in [25], the negative-sequence stator current can be 
obtained as 

 RSC _

1

max0 ms s

sd sq

ss s s

U L U
I I

L L
I

U U
 

 

 
     (11) 

Transforming (11) into the negative synchronous reference 
frame and using conjugate complex according to [10], the 
negative-sequence current phasor can be obtained as 

RSC _max

1

1
( ) ( )sj U m

sd sq

ss ss

s s

I

U

L
I I jI e j

L U
U

L


 





 
      (12) 

Substituting the practical parameters of Table I into (12), 
the negative-sequence current phasor under a set of given 
voltage unbalance (Us+=Us-=0.187 pu) can be calculated as 

 
0.372 90

s

sU
I 




  (13) 

The phasor diagram of the negative-sequence voltage and 
current phasors are shown in Fig. 8. It shows that, when the 
PNSC-Tem is employed, DFIG-based WTG contributes 
negative-sequence capacitive current that is 90◦ ahead of the 
negative-sequence voltage phasor. The phase relationship 
between İLQ and İRQ discussed in Section II may be the 

opposite of the predefined relationship in 87LQ. This is 
further articulated in Section IV. 
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-30

-60
-90

-120
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90/deg
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Figure 8.  The phasor diagram of the negative-sequence voltage and current 

of a DFIG under the PNSC-Tem. 

C. Negative-sequence Phasor Characteristics of DFIG-

based WTG under PNSC-I12R 

In recent grid codes [28] and [29], WPs are required to 
provide reactive current in the negative sequence system as 
well. The relationship with phasors is expressed as follows 

 WTG V sI jK U      (14) 

where KV- is the coefficient that is specified between 2 and 6. 
The coordinated control implementation in [10] referred to 

as PNSC-I12R makes use of the maximum capacity of 
converters to comply with the requirements on additional 
reactive currents in the positive and negative sequence 
systems. By substituting the practical parameters of Table I 
into (14), and setting KV- to 2, the current is given by 

 
0.5 90

s

WTG

U
I 

 


  (15) 

The phasor diagram is shown in Fig. 9. When the PNSC-
I12R is employed, DFIG-based WTG contributes inductive 
negative-sequence current just like an inductance. According 
to the analysis in Section II.A, this should enable the proper 
functioning of 87LQ. 
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Figure 9.  The phasor diagram of negative-sequence voltage and current of 

DFIG under PNSC-I12R. 
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IV. DYNAMIC PERFORMANCE 

To evaluate the dynamic performance of 87LQ under 
different FRT solutions, detailed time domain models of 87LQ 
and WP are used and transient trajectories are recorded. 

A. Test System 
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Figure 10.  Single-line diagram of the 500kV 60Hz 2-bus system. 

The dynamic performance of 87LQ is tested using a 500 
kV, 60 Hz, 2-bus system shown in Fig. 10. A WP, consisting 
of 45×1.5 MW DFIG-based WTGs, is connected to the local 
bus through a transformer. All DFIG-based WTGs in the WP 
initially operate at the rated active power. The short circuit 
ratio (SCR) seen from the local bus is 5. A two phase to 
ground (BCG) short circuit is applied at the middle of the 
transmission line (d=0.5). Two protection relays are connected 
to the local and remote buses. In the model of 87LQ, the full 
cycle Fourier algorithm and symmetrical component method 
are adopted to extract negative-sequence current phasor from 
the three-phase instantaneous current. The basic settings of the 
87LQ in both percentage and alpha-plane principles have been 
explained in Section II. The full details of the WP models are 
provided in [17] and [18]. The transient simulation results are 
obtained by using Simulink and Runge-Kutta fourth-order 
solver with a fixed time-step of 50us. 

B. Impact of FRT Solutions on 87LQ Operating on 

Percentage Differential Principle 

The dynamic performance of 87LQ operating on 
percentage differential principle has been described with the 
trajectories of IOP and IRT in Fig. 4 in Section II. Fig. 11, Fig. 
12, and Fig. 13 show the dynamic performance of 87LQ under 
crowbar protection, PNSC-Tem, and PNSC-I12R. 

As shown in Fig. 11, when the crowbar circuit is triggered, 
the trajectory quickly moves from the origin into the operating 
zone and a trip signal is issued. The trajectory is very close to 
(but not strictly on) the red dashed line which has a slope of 
unity representing an ideal system with conventional SGs. 
This indicates that, considering the impedance of transformers 
and lines, the angle difference between İLQ and İRQ is quite 
small (8◦ in this case). This is in line with the analysis in 
Section III.A, i.e., the WP mainly contributes inductive current 
in the negative-sequence system. Therefore, the crowbar 
protection is not expected to affect the sensitivity of 87LQ. 

The trajectory in Fig. 12 is obtained under the PNSC-Tem 
strategy, which moves into the operating zone but quickly falls 

in the restraining zone. The trajectory stays in the operating 
zone for only 1.03 ms. Hence, 87LQ is very likely to mis 
operate and identify the internal BCG short circuit as an 
external fault since the anti-disturbance component controls 
the final trip signal. As discussed in Section II.A and III.B, the 
capacitive nature of the negative-sequence current of the WP 
causes this maloperation. Once steady state is reached after the 
fault inception, the angle difference between İLQ and İRQ is 
very close to 180◦. Thus, the PNSC-Tem would significantly 
reduce the sensitivity of 87LQ and even cause maloperation. 
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thI
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/ puOP LQ RQI I I 
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Figure 11.  Dynamic performance of 87LQ operating on percentage 

differential principle when the crowbar protection is triggered. 
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Figure 12.  Dynamic performance of 87LQ operating on percentage 

differential principle when DFIG-based WTGs are controlled by PNSC-Tem. 
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Figure 13.  Dynamic performance of 87LQ operating on percentage 
differential principle when DFIG-based WTGs are controlled by PNSC-I12R. 
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The trajectory of Fig. 13 is observed under the PNSC-I12R 
strategy. It moves into the operating zone quickly. According 
to the analysis in Section II.A and III.C, the WP provides pure 
inductive current into the negative-sequence system just like a 
SG, and İLQ and İRQ are expected to be in phase ideally. 

C. Impact of FRT Solutions on 87LQ Operating on Alpha-

plane Differential Principle

The dynamic performance of 87LQ operating on alpha-
plane principle is described with the current ratio (İRQ /İLQ) as 
shown in Fig. 5 in Section II. Fig. 14, Fig. 15, and Fig. 16, 
respectively show the recorded dynamic performance under 
crowbar protection, PNSC-Tem, and PNSC-I12R.  

Operating Zone

Im( / )RQ LQI I

Re( / )RQ LQI I

Restraining Zone

-1

Figure 14.  Dynamic performance of 87LQ operating on alpha-plane 
differential principle when the crowbar protection is triggered. 

Operating Zone

Im( / )RQ LQI I

Re( / )RQ LQI I

Restraining Zone

-1

Figure 15.  Dynamic performance of 87LQ operating on alpha-plane 

differential principle when DFIG-based WTGs are controlled by PNSC-Tem. 

Operating Zone

Im( / )RQ LQI I

Re( / )RQ LQI I

Restraining Zone

-1

Figure 16.  Dynamic performance of 87LQ operating on alpha-plane 

differential principle when DFIG-based WTGs are controlled by PNSC-I12R. 

As shown in Fig. 14, when the crowbar circuit is triggered, 
the trajectory quickly moves from -1 to the positive real axis. 
Although oscillations are present during the first few cycles, 
their magnitude is low. Thus, 87LQ quickly issues a trip signal. 

As shown in Fig. 15, when the PNSC-Tem is employed, 
the trajectory moves from -1 into the operating zone but 
quickly comes back to the restraining zone. During the 
transient, the trajectory only stays in the operating zone for 
1.03 ms. The trajectory eventually lands in the negative real 
axis as a result of the negative-sequence capacitive current 
discussed in Section II.A and III.B. 

As shown in Fig. 16, when the PNSC-I12R is employed, 
the trajectory quickly moves into the operating zone and 87LQ 
issues the tripping signal correctly. However, when compared 
to Fig. 14, the trajectory in Fig. 16 has more oscillations in the 
first few cycles. This transient is related to the dynamics of the 
current control and phase-lock loop (PLL). 

V. MALOPERATION AND IMPACT FACTORS

This section further studies the impact of fault location 
(represented by d) and the strength of the power grid 
(represented by SCR) on the maloperation detected in Section 
IV. The results help understand in what scenario the 87LQ
maloperation is more likely to happen.
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kfault=1
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d=0.9

d=0.6

d=0.3

d=0.01

Figure 17.  Dynamic performances of 87LQ operating on percentage 
differential principle for different fault locations. (SCR=5 and DFIG-based 

WTGs are controlled by PNSC-Tem) 
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Im( / )RQ LQI I

Re( / )RQ LQI I

Restraining Zone

-1

d=0.9

d=0.6

d=0.3

d=0.01

Figure 18.  Dynamic performance of 87LQ operating on alpha-plane 

differential principle for different fault locations. (SCR=5 and DFIG-based 
WTGs are controlled by PNSC-Tem) 
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The dynamic performances of 87LQ elements for different 
fault locations are compared in Fig. 17 and Fig. 18. The results 
show that all trajectories land in the restraining zone and both 
types of 87LQ elements mis operate as long as the BCG short 
circuit is on the protected transmission line. 

After changing the SCR of the test system from 5 to 10, 
two types of 87LQ elements are examined in a strong system 
scenario, i.e., capable of supplying larger amounts of short 
circuit currents. The dynamic performances for different fault 
locations are compared in Fig. 19 and Fig. 20. The results 
show that the trajectories are more likely to land in the 
restraining zone when the short circuit is close to the WP 
(local bus). Moreover, the 87LQ element operating on 
percentage principle can correctly trip the internal short 
circuit, while the 87LQ element operating on alpha-plane 
principle can only correctly operate when d>0.3. 

Restraining Zone

/ puRT LQ RQI I I 

k=0.5

thI

Operating Zone

kfault=1

/ puOP LQ RQI I I 

knon-fault=0

d=0.9

d=0.6

d=0.3

d=0.01

 

Figure 19.  Dynamic performances of 87LQ operating on percentage 

differential principle for different fault locations. (SCR=10 and DFIG-based 

WTGs are controlled by PNSC-Tem) 

Operating Zone

Im( / )RQ LQI I

Re( / )RQ LQI I

Restraining 

Zone

-1

d=0.9

d=0.6

d=0.3

d=0.01

 

Figure 20.  Dynamic performance of 87LQ operating on alpha-plane 

differential principle for different fault locations. (SCR=10 and DFIG-based 

WTGs are controlled by PNSC-Tem) 

The above results indicate the maloperation is more likely 
to happen for weaker systems and BCG short circuits close to 
WP. Moreover, 87LQ element operating on alpha-plane 
principle is more likely to mis operate compared to the 
element based on the percentage principle. These observations 
are related to the magnitudes of İRQ and İLQ. The magnitude of 
İLQ is limited by the WP (0.2~0.4 pu in this case), while the 
magnitude of İRQ can be quite significant in stronger systems. 
As a result, although İRQ and İLQ are 180◦ out of phase, the 

trajectory can easily land in the operating zone as the 
magnitude ratio between İRQ and İLQ exceeds the threshold (R 
for the alpha-plane differential principle, k for the percentage 
differential principle). 

VI. CONCLUSIONS 

In this paper, the dynamic performance of two different 
87LQ schemes protecting a transmission line connected to a 
DFIG-based WP are studied under unsymmetrical fault 
scenarios. It is discovered that, when the WP employs a 
control strategy to eliminate the double grid frequency 
oscillations in Tem, 87LQ is likely to misinterpret internal 
short circuits as external faults and mis operate. The cause of 
this maloperation is explained by examining the relationship 
between the negative-sequence voltages and currents of 
DFIG-based WPs under three different FRT strategies. The 
main conclusions are summarized as follows, 

(1) In power systems with conventional SGs, 87LQ has 
excellent sensitivity when protecting a transmission line 
against unsymmetrical faults, as the angle difference between 
İLQ and İRQ is close to 0◦ under internal faults and 180◦ under 
external faults. This kind of phase relationship is achieved 
since the negative-sequence system is highly inductive in SG 
dominant systems. 

(2) Unlike SGs, the representation of DFIG-based WPs 
changes with different FRT solutions in the negative sequence 
system. When the crowbar protection is triggered, the 
negative-sequence current lags the negative-sequence voltage 
by an angle of about 75◦, thus the DFIG can be represented 
with a fixed inductive reactance in series with a resistance in 
the negative-sequence network. When the PNSC-Tem is 
employed to eliminate the double grid frequency oscillations 
in electromagnetic torque, the negative-sequence current leads 
the negative-sequence voltage by 90◦, thus the DFIG provides 
capacitive current into the negative-sequence network. When 
the PNSC-I12R is employed to comply with some recent grid 
codes on the requirement of additional negative-sequence 
reactive current, the negative-sequence current lags the 
negative-sequence voltage by 90◦, thus the DFIG behaves like 
a SG. 

(3) The existing percentage and alpha-plane differential 
principles used in 87LQ can correctly detect unsymmetrical 
short circuits occurring on the protected transmission line 
connected to a DFIG-based WP when crowbar protection or 
PNSC-I12R is employed. 

(4) The sensitivity of 87LQ is significantly affected when 
a DFIG-based WP employs PNSC-Tem. During an internal 
unsymmetrical fault, the dynamic trajectories in percentage 
and alpha-plane diagrams eventually land in the restraining 
zones and interrupt the trip. This is caused by the negative-
sequence capacitive current contributed by the WP. The phase 
relationship between İLQ and İRQ is changed in this scenario. 

(5) Owing to the magnitude relationship between İLQ and 
İRQ, the maloperation related to PNSC-Tem is more likely to 
happen for weaker systems and faults close to the WP. 
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