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Abstract—This paper proposes a robust pilot protection scheme 

based on waveform similarity that restricts the influence of 
outliers in fault line identification. By comparing two refactoring 
currents constructed using the time-domain sampling values of 
currents at the two terminals of a transmission line, a waveform 
similarity algorithm called the Kendall’s Tau coefficient (KTC) is 
employed to distinguish two different datasets of a protected 
transmission line. A reliable fault identification is realized under 
different fault types, distances, and resistances. Proposed criteria 
that are robust against to current transformer saturation, 
synchronization error, and noise are proposed. The KTC is based 
on simply the rank order instead of the metric value and thus 
limits outliers to a moderate level, ensuring protection safety in 
cases where outliers that cannot be eliminated completely are 
included in the current waveforms. The simulation results 
demonstrate the excellent performance of the proposed robust 
pilot protection scheme. 

Index Terms—Similarity comparison, Kendall’s Tau 
coefficient, outliers, cyber-security, pilot protection. 

I. INTRODUCTION

ITH the increasing power demand, transmission lines are
operated near their stability limits. Fast and reliable fault 

clearance in a transmission line is vital for reducing electrical 
equipment stress, enhancing system stability, and improving 
power quality [1]-[3]. Pilot protection plays a vital role in a 
transmission network because of its high speed, sensitivity, and 
selectivity in fault detection [4]. However, conventional pilot 
protection technologies face some challenges, particularly 
concerning current transformer (CT) saturation, high fault 
resistance, synchronization error, and noise. Therefore, the 
development of reliable protection schemes for transmission 
lines is an interesting topic for relay engineers and researchers 
[5]-[7]. 
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Currently, many new schemes have been proposed for pilot 
protection in power systems. Protection schemes based on the 
waveform similarity principle have been one of the most used 
in AC transmission line [8]-[10], [16], [17], [22]-[24], DC 
transmission lines [11], [18]-[21], and transformers [12]-[15], 
because of their explicit and straightforward principle, and 
rapid and reliable fault detection. For instance, the authors of 
[10] utilized fault-induced traveling waves to design
ultra-high-speed directional protection criteria based on the
correlation between incremental quantities; with this, internal
and external faults of an AC transmission line could be
discriminated. The authors of [11] proposed a pilot protection
scheme based on the similarity measure of traveling waves for
VSC-HVDC transmission lines. However, since the traveling
wave obtained is sensitive to transient signals and requires high
sampling rates and synchronization requirements, there are
some difficulties when it comes to implementing these schemes
in practice. The internal and external faults of protected
electrical equipment can be identified quickly by utilizing
distance measure algorithms such as the discrete Fréchet
distance [12], Euclidean distance [13], and Hausdorff distance
(HD) [14], [15], [24]. A suitable threshold should be set to
normalize the sampling data utilized in these methods. The
Cosine Similarity (CS) [16]-[19] and Pearson Correlation
Coefficient (PCC) [20]-[23] are widely used measure indices to
calculate the similarity between two time-series signals. The
effectiveness of these waveform similarity-based methods has
been validated through extensive testing under different fault
types, fault distances, fault resistances, noise, and CT
saturation.

In [25], a secure phasor-based phase comparison (PC) 
protection scheme was proposed to identify internal or external 
faults based on the current phase angle difference between the 
two ends of a transmission line. However, it limits the speed of 
fault clearance because of the need for a data window to process 
phasor estimation using full-cycle Fourier transform. 
Time-domain PC protection schemes can operate faster than 
conventional phasor-based ones because they do not require the 
phasor estimation process. The methods developed for 
time-domain PC protection schemes can be conventionally 
classified into two groups: half-wave-based [26] and 
full-cycle-based [27]. The half-wave-based PC protection 
schemes only analyze the positive half cycles of the current 
signals while neglecting the negative half cycles, which may 
cause PC protection operation delays of approximately half a 
cycle depending on the fault inception angle. To eliminate this 
delay, the full-cycle-based PC protection scheme has been 
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proposed to identify internal faults when the high level remains 
for more than one-quarter of a cycle. These schemes require a 
counter to estimate the pulse length, which is activated in case 
of consistent polarity of the currents measured at both terminals 
of the transmission line. However, a reverse outlier may cause 
the count to reset and thus lead to a refused protection relay 
operation. 

The main drawback of the above schemes is that their 
reliability is significantly affected by outliers, which can be 
induced by measurement device failures, interfered 
measurement scans, and cyber-attacks. Since false data 
transmitted to a protection relay would result in a false tripping 
signal, some studies have focused on developing outlier 
detection or identification methods for the relay’s 
cyber-security. An improved HD-based pilot protection with 
high speed has been proposed [24] to eliminate false data by 
introducing a data pre-processing approach. In [28], [29], 
cyber-resilient relays were developed that can detect false data 
against current differential protection. The authors of [30] 
presented a learning-based framework for intrusion detection 
against line current differential relays. These works have 
focused on outlier detection in protection relays. However, 
regardless of the performance of outlier detection methods, 
outliers cannot be eliminated entirely; thus, there is scope to 
develop a robust protection algorithm to deal with undetected 
false data. 

In this paper, a robust pilot protection scheme based on the 
Kendall’s Tau coefficient (KTC) is proposed for AC 
transmission lines. The internal and external faults in a 
transmission line are discriminated on the basis of the KTC 
value between the refactoring currents, which are constructed 
using the currents at both terminals of the transmission line to 
eliminate the effect of CT saturation. The effectiveness of the 
proposed criterion against different fault types, distances, and 
resistances is verified. Moreover, its effectiveness against CT 
saturation, synchronization error, and noise is proven. The KTC 
is less sensitive to outliers than existing similarity methods such 
as CS-based and PCC-based methods, ensuring protection 
safety in the presence of outliers. 

The rest of this paper is organized as follows: Section II 
analyzes the characteristics of current waveforms during 
internal and external faults, and the construction of refactoring 
currents. Section III discusses the principle of KTC and its 
subsequent implementation for robust transmission line 
protection. Next, in Section IV, the simulated results obtained 
under various fault conditions are provided to prove the 
performance of the proposed protection scheme, and finally, 
the conclusions of this paper are drawn in Section V. 

II. ANALYSIS OF FAULT CHARACTERISTICS 
To better understand the waveform similarity-based 

protection principles, a two-machine system is considered as 
shown in Fig. 1. We assume that the positive directions of the 
currents at the two terminals of the line are toward the protected 
transmission line.  

nm im in

 
Fig.1. Single-phase diagram of a two-ended transmission line. 

Ideally, the directions of the current waveforms im and in at 
the two terminals of the transmission line will be opposite and 
with the same magnitude, regardless of whether it is a normal 
condition or an external fault. When an internal fault occurs, 
currents im and in will flow toward the fault point. The 
directions of the current waveforms at the two terminals of the 
transmission line will be identical. However, a phase 
displacement between im and in may arise because of the 
charging currents; thereby, a reliable threshold should be used 
to ensure the protection security. Furthermore, the difference in 
the magnitudes of the current waveforms is typically significant 
depending on the fault point position. The following method 
can help eliminate the dissimilarity due to the magnitude 
difference between the current waveforms at the two terminals. 
At an instant k, the current waveforms can be expressed as: 

( ) ( ) ( )r m ni k i k i k=                                (1) 
( ) ( ) ( )s m ni k i k i k=                             (2) 

where ir(k) and is(k) represent the refactoring currents having 
the same absolute value, i.e., | ir| = | is |.  

Let X and Y  be two datasets with N samples of the 
refactoring current ir and is, respectively. Given an instant k 
they can be expressed as: 

[ ( - 1),  ( - ),  , ( )]r r rX i k N i k N i k= +                (3) 
[ ( - 1),  ( - ),  , ( )]s s sY i k N i k N i k= +                 (4) 

where N is the number of samples per cycle. 
The datasets obtained using the above approach can 

effectively deal with the problems related to the magnitude of 
the original current signals. Moreover, when an external fault 
occurs, the refactoring currents in the datasets X and Y exhibit 
opposite variation trends, whereas when an internal fault occurs, 
the refactoring currents in the datasets X and Y exhibit the same 
variation trends.  

III. PROPOSED PROTECTION SCHEME 
A pilot protection scheme using the KTC is proposed in this 

section. The similarity difference in the refactoring currents can 
be used as a protection criterion to identify the status of the 
transmission line under normal condition or in the event of 
external/internal faults. 

A. Principle of Kendall’s Tau coefficient 
The similarity between two datasets is a significant notion in 

data mining. Various similarity measure methods, such as 
HD-based, CS-based, and PCC-based methods, have been used 
to distinguish between two datasets. However, these methods 
are highly sensitive to outliers, which can have a tremendous 
effect on the similarity measure. This means that including 
outliers in the measurements can lead to misleading results 
when using the above methods. To address this issue, we 
introduce the KTC [31], which is a robust similarity measure 
method, because it is based on simply the rank order as opposed 
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to the metric value and thus limits outliers to a moderate level. 
Let (x1, y1), (x2, y2), , (xN, yN) be N observations of the 

datasets X and Y. The concordant definition for any pair 
observations (xi, yi) and (xj, yj) is given as follows: 

For  j > i, where i, j = 1, 2, , N, if the following 
relationship holds, 

( )( ) 0j i j ix x y y− −                               (5) 
then the observations (xi, yi) and (xj, yj) are concordant, i.e., the 
sort order of the pair observations is in agreement. 

If the following relationship is satisfied, 
( )( ) 0j i j ix x y y− −                               (6) 

Then the observations (xi, yi) and (xj, yj) are discordant, i.e., the 
sort order of the pair observations is not in agreement. 

If the following relationship holds, 
( )( ) 0j i j ix x y y− − =                             (7) 

then the observations (xi, yi) and (xj, yj) are independent. {(xi, yi), 
(xj, yj)} is consider to be tied if xi = xj or yi = yj. When tied pairs 
arise in a dataset, the Tau-b statistic adjusts for these ties to 
keep the coefficient in the range [−1, 1]. The formula for 
Kendall’s tau-b is [32]: 

0 0

c d

X Y

N N
N T N T


−

=
− −

                          (8) 

where, 
0 ( 1) / 2N N N= −                                (9) 

1
( 1) / 2

P

X p p
p

T t t
=

= −                            (10) 

1
( 1) / 2

Q

Y q q
q

T u u
=

= −                            (11) 

where N0 is the total number of unique unordered pairs that can 
be constructed for a sample size of N; TX is the total number of 
unique unordered pairs tied only on the dataset X; TY is the total 
number of unique unordered pairs tied only on the dataset Y. tp 
is the number of tied values in the pth group of ties for the 
dataset X; uq is the number of tied values in the qth group of ties 
for the dataset Y; P and Q represent the number of groups of ties 
for the datasets X and Y, respectively. Nc is the number of 
concordant pairs, and Nd is the number of discordant pairs. An 
explicit expression for Nc − Nd is written as, 

1
= sign(( )( ))c d i j i j

i j N
N N x x y y

  

− − −            (12) 

where, 
1, ( )( ) 0

sign(( )( )) 0, ( )( ) 0
1, ( )( ) 0

j i j i

i j i j j i j i

j i j i

x x y y
x x y y x x y y

x x y y

 − − 


− − = − − =
− − − 

   (13) 

Essentially, the KTC represents the ordinal association 
between two datasets. The calculated value of the coefficient  
is within the range of [−1, 1], where  = 1 implies a perfect 
agreement between the two datasets X and Y and  = −1 
indicates that one dataset is the reverse of the other. When the 
coefficient   is approximately zero, the datasets X and Y are 
said to be independent. The properties of the KTC are utilized 
for the pilot protection in this work. The details of the scheme 

are provided in the following subsection. 

B. Protection Criterion based on Kendall’s Tau Coefficient 
1) Protection Criterion: Based on the analysis of the fault 

characteristics mentioned in Section II, the refactoring currents 
in the datasets X and Y are found to be similar during the 
internal fault. Ideally, the KTC between two datasets identical 
in shape and trend is concordant and equal to “+1,” which 
satisfies: 

( , ) 1X Y =                                (14) 
where (X, Y) represents the KTC between two datasets X and Y 
composed of the refactoring currents ir and is obtained using 
Eqs. (1) and (2), respectively. 

Under the normal condition and external fault, the 
refactoring currents in the datasets X and Y are dissimilar. 
Ideally, the KTC between two datasets similar in shape and 
opposite in trend is discordant and equal to “−1.” Thus, 

( , ) 1X Y = −                               (15) 
From the above analysis, it can be concluded that during 

internal and external faults, the KTC between the datasets X and 
Y indicates the faulty or healthy status of the transmission line. 
Therefore, protection criteria can be constructed on the basis of 
the evident difference in the KTC values, which can help 
distinguish internal and external faults. If the following 
condition holds, an internal fault occurs: 

set( , )X Y                             (16) 
where set is a predetermined threshold value for the protection. 

2) Threshold Setting: Interference factors, such as phase shift, 
capacitance current and communication error, affect the 
integrity of the current sampling values obtained from the two 
terminals of the transmission line and influence the judgment of 
similarity. Because the magnitude of the current waveforms can 
be eliminated by the proposed approach, mentioned in Section 
II, only the effect of the angle difference between the two 
datasets X and Y on the KTC needs to be considered. Therefore, 
the performance of the proposed algorithm would deteriorate 
when there are differences in the current angles between the 
two terminals. 

Since the magnitude influence due to various unfavorable 
factors has been eliminated by the refactoring currents 
constructed in Section II, only the effect of the angle difference 
at the two terminals is the main factor that needs to be 
considered. A phase difference within 90° (  = 0) between the 
currents at the two terminals is a reliable boundary because 
once this tipping point is crossed, an internal fault can be 
misinterpreted as an external fault and vice versa. The threshold 
for the protection should be able to avoid fake operations due to 
a phase difference under various circumstances. We 
recommend setting the value to zero to balance the effect of the 
angle difference on both the internal and external faults under 
various unfavorable factors.  

C. Practical Implementation of the Proposed Scheme 
The main idea is to measure the similarity between two 

datasets exhibiting fault characteristics, which can be described 
using the KTC, to identify internal or external faults. Fig. 2 
shows the flowchart of the proposed scheme, and the detailed 
step-by-step implementations are summarized as follows: 

3



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 

4 

No

Start

Acquire im and in

Dataset Y by (4)Dataset X by (3)

End

  Compute τ (X,Y) using (8)

set 

Protection startup 
Fault detection No

Yes

Yes

Eq.(17) holds ?

Internal fault, the 
protection operates

 Construct the refactoring currents ir and  is by (1) and (2)

 
Fig.2. Flowchart of the protection criterion. 
1) The measured currents at the two terminals of the 

transmission line are gathered. Subsequently, the 
following criterion in each phase () is checked for 
detecting the presence of a fault condition [33]. 

|| ( ) ( ) | | ( ) ( 2 ) || 0.2 ni k i k N i k N i k N I   − − − − − −   (17) 
where In is the rated current. The threshold of 0.2 In is a 
predetermined value from experience [16], which has a 
good sensitivity to distinguish normal and faulty 
conditions under various conditions with an appropriate 
speed of action of about 1 ms. Once the above condition is 
satisfied for any three successive samples starting from the 
instant k, the algorithm proceeds to the following step. 

2) After detecting a faulty condition, the measured currents im 
and in are gathered, and Eqs. (1) and (2) are solved to 
construct the refactoring currents ir and is to eliminate the 
dissimilarity due to the magnitude difference between 
them. Finally, two datasets X = [ir(k−N+1), ir(k−N), , 
ir(k)] and Y = [is(k−N+1), is(k−N), , is(k)] with N samples 
at an instant k are obtained using Eqs. (3) and (4), 
respectively. 

3) Calculations for the proposed scheme are performed to 
identify whether the fault is internal or external. For the 
instant k at which the faulty condition is detected, the KTC 
between the two datasets X and Y is calculated using Eq. (8) 
considering a full-cycle sliding window with the first 
window being sample number [k−N+1] to [k]. 

4) The KTC value is assessed, where the transmission line, 
whose protection criterion Eq. (16) is satisfied, would be 
determined as the faulty line and would issue a tripped 
signal for isolating the fault. Otherwise, the fault is 
external, and the protection is reset. 

IV. SIMULATION RESULTS  
An IEEE 10-generator 39-bus system operating at 345kV, as 

shown in Fig. 3, is utilized to evaluate the performance of the 
proposed pilot protection based on the KTC under various fault 
conditions. The studied test system is developed using the 
PSCAD/EMTDC and the parameters can be referred from Ref. 
[34]. The current signals are sampled at a rate of 3 kHz at a base 
frequency of 60 Hz. The sampling data in the full-cycle window 
are used for computing the protection criterion and are moved 
forward once a new sampling value is taken. 
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Fig.3. IEEE 10-generator 39-bus system. 

A. Results for External and Internal Faults 
1) Effects of Fault types: A double-line-to-ground fault with 

fault resistance of 0.01 Ω is simulated on line L19 at 95% away 
from Bus B18 at 0.3 s, denoted by k1 as shown in Fig. 3. Figs. 
4(a) and (b) show the original currents in the healthy line L18 
and faulty line L19, respectively. Next, the refactoring currents ir 
and is in the healthy line L18 and faulty line L19 are obtained as 
shown in Figs. 4(c) and (d), respectively. 
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(e) 
Fig.4. Original currents in (a) healthy line L18, (b) faulty line L19; and the 
refactoring currents in (c) healthy line L18, (d) faulty line L19; and (e) operating 
quantities of KTC-based protection. 

Fig. 4(e) shows the KTC values of the faulty line L19 exceeds 
the threshold 0 within 5 ms after a fault occurs and gradually 
stabilizes around 1. The KTC values of the adjacent healthy line 
L18 are far below the threshold. The similarity is strengthened in 
the healthy line when the sets X and Y contain the steady-state 
current waveforms entirely after 0.3 s, and the value is 
maintained around −1.  

Figs. 5(a)−(c) show the results of the single-line-to-ground, 
line-to-line, and three-phase fault at the fault point k1, 
respectively. Fig. 5 shows that the proposed method has a 
significant margin of operation for correctly identifying the 
faulty line within 6 ms regardless of the fault type. 

2) Effects of Fault Distance: The fault distance is an essential 
factor in evaluating the protection performance. To this end, the 
single-line-to-ground faults are simulated on line L19 with a 
fault resistance of 100 Ω, and the fault distance is varied from 
10% to 95%. Fig. 6 shows the results for the healthy line L18 and 
faulty line L19 at different fault distances. In this figure, the 
values of the KTC at different fault distances are almost equal 
to −1 for the healthy line L18 and stabilize close to 1 for the 
faulty line L19. Therefore, we can conclude that the 
performance of the proposed protection scheme is unaffected 
by the fault distance. 

 

K
TC

t/s

0.2 0.25 0.3 0.35 0.4
-1

-0.5

0

0.5

1

 

 

0.304 0.305 0.306
-0.2

0

0.2

Threshold 

Faulty line
Healthy line

t/s  
(a)  

K
TC

0.2 0.25 0.3 0.35 0.4
-1

-0.5

0

0.5

1

 

 

0.304 0.305 0.306
-0.2

0

0.2

Threshold 

Faulty line
Healthy line

t/s  
(b)  

K
TC

 

t/s
 

 

0.304 0.305 0.306
-0.2

0

0.2

0.2 0.25 0.3 0.35 0.4
-1

-0.5

0

0.5

1

Threshold 

Faulty line
Healthy line

 
(c) 

Fig.5. Operating quantities of KTC-based protection for healthy line L18 and 
faulty line L19: (a) single-line-to-ground fault, (b) line-to-line fault, (c) 
three-phase fault. 
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Fig.6. Operating quantities of KTC-based protection for healthy line L18 and 
faulty line L19 at different fault distances. 

3) Effects of Fault Resistance and Load: To analyze the effect 
of fault resistance, the single-phase grounding faults with 
different fault resistances are set on the line L19 10% away from 
Bus B18 at 0.3 s. Fig. 7 shows the calculation results of line L19 
under different fault resistances.   
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The proposed scheme can identify faults within 6 ms when 
the fault resistance is no more than 500 Ω, as shown in Fig. 9. 
With the increase in the fault resistance from 0.01 Ω to 1000 Ω, 
the calculated value of the KTC reduces. However, the 
operation of the proposed protection criterion is unaffected; a 
fault with a resistance of 1000 Ω can be identified with the 
lowest action speed of 12 ms. 

To verify the influence of loads with different power factors, 
a single-line-to-ground fault is created at the middle of the 
transmission line L19 with a fault resistance of 100 Ω. The KTC 
values for the healthy line L18 and faulty line L19 are computed 
after varying the power factors of the loads at node B18 and 
tabulated in Table Ⅰ. From Table Ⅰ, we find that the performance 
of the proposed algorithm is unaffected by the power factor 
loads. 

TABLE Ⅰ 
EFFECT OF POWER FACTOR LOADS ON THE PROPOSED METHOD 

Power factor 
Load 

L18 L19 Active  
(MW)  

Reactive  
(MVAR) 

0.98 158 30 −0.994 0.983 
0.8 129 32 −0.996 0.995 
0.6 96 64 −0.998 0.995 
0.4 64 96 −0.995 0.986 
0.2 32 129 −0.993 0.978 

C
ur

re
nt

/k
A

t/s
0.2 0.25 0.3 0.35 0.4

-1

-0.5

0

0.5

1

Current of B17 side

Current of B18 side

 
(a) 

C
ur

re
nt

/k
A

t/s
0.2 0.25 0.3 0.35 0.4

-2

-1

0

1

2

Current of B17 side

Current of B18 side

(b) 
Fig.8. Waveforms of currents at the two terminals of the transmission line L19 
under (a) original and (b) thrice the load flow value in node B18. 

The proposed method is unaffected by the high fault 
resistance because the fault current effect predominates over 
the low loading levels. Normally, for a 300-400kV network, the 
maximum resistance investigated is around 100 Ω. The 
performance during max assumed loading is acceptable. Fig. 8 
shows the current waveforms for the original and thrice the load 
flow value in node B18 during a single-line-to-ground fault with 
a resistance of 300 Ω at the middle of the transmission line L19. 
With the increase in the load flow, the load current contribution 
is more significant than the fault current. Under this 
circumstance, the currents in the B18 side that should have been 
considered as entering the protection zone, as shown in Fig. 
8(a), are interpreted as leaving the protection zone, as shown in 
Fig. 8(b), which characterizes external faults or normal 

condition. Therefore, the system loads influence the 
performance of the proposed algorithm when the load current 
predominates the fault current during fault condition; 
Nevertheless, this can be overcome by employing incremental 
currents to eliminate the effects of the system loads.  

B. Effect of CT Saturation  
To verify the effect of CT saturation on the performance of 

the proposed method, a single-line-to-ground fault with a fault 
resistance of 100 Ω at the fault point k1 in the line L19 95% 
away from bus B18 is set at 0.3 s. Fig. 9 shows the current 
waveforms with CT saturation in the case of both internal and 
external faults. 

 

-2

-1

0

1

2

 

 
Current of B17 side

0.2 0.25 0.3 0.35 0.4
t/s

Current of B18 side

CT saturationC
ur

re
nt

s/k
A

 
(a) 

C
ur

re
nt

s/k
A

 

-2

-1

0

1

2

0.2 0.25 0.3 0.35 0.4
t/s

Current of B17 side

Current of B16 side

CT saturation

 
(b)  

K
TC

 

 

 

0.2 0.25 0.3 0.35 0.4
-1

-0.5

0

0.5

1

0.304 0.305 0.306
-0.2

0

0.2

Threshold 

Faulty line
Healthy line

t/s  
(c) 

Fig. 9. Current waveforms with CT saturation under (a) internal fault in line L19; 
(b) external fault in line L18; and (c) operating quantities of KTC-based 
protection for both lines. 
Figs. 9(a) and (b) show that the magnitude of the current 
waveform on the CT saturation side is lower than the true one 
and has a clipping edge phenomenon, leading to the 
maloperation of the conventional differential protection. 
Although the waveforms of the original currents im and in are 
distorted due to CT saturation, the waveform characteristics of 
the refactoring currents constructed using Eqs. (1) and (2) are 
largely unaffected by the CT saturation because the magnitude 
difference between the two waveforms is eliminated. Therefore, 
as shown in Fig. 9(c), both the internal and external faults with 
CT saturation can be correctly identified using the proposed 
protection criterion, with an action speed of < 6 ms. 

C. Effects of Synchronization Error 
Current measurements are sometimes not synchronized 
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because of a synchronization error or when a slow 
communication channel is utilized for pilot protection. To 
verify the influence of synchronization delay on the 
performance of the proposed method, a single-line-to-ground 
fault with a 100 Ω fault resistance is simulated at the fault point 
k1. Figs. 10(a) and (b) show the calculated results of the 
proposed protection algorithm for the faulty and healthy lines 
considering different communication delays, respectively.  
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Fig.10. Operating quantities of KTC-based protection under different 
communication delays: (a) faulty line L19; (b) healthy line L18. 

The results show that the proposed algorithm does not 
require strict communication synchronization and can reliably 
identify internal faults in the event of a communication delay 
within 3 ms. Notably, as mentioned in Section III.B, a 
misjudgment between the faulty and healthy lines occurs when 
the phase angle difference between the current waveforms at 
the terminals is 90° (4.167 ms for a 60 Hz system). However, 
the maximum delay would be less than the theoretical one 
considering the already existing angle difference between the 
current waveforms due to the capacitance current and phase 
shift. 

D. Sensitivity to Noise 
The measurement accuracy is susceptible to noise, and it 

could be included in the current measurements. To validate the 
proposed method considering noise interference, Gaussian 
noise with magnitudes of 10, 20, 30, 40, and 50 dB are 
superimposed onto the current signals at the two terminals of 
the transmission line. Figs. 11(a) and (b) show the calculated 
KTC values for the faulty and healthy lines with different 
signal-to-noise ratios (SNRs) under a single-line-to-ground 
fault with a 100 Ω fault resistance occurring at the fault point k1 
after 0.3 ms, respectively. 

Although the noise changes only the magnitude of the 
measured current, the polarity and direction of the current with 
small magnitude may be changed. Therefore, as shown in Fig. 
11, a certain amount of Gaussian noise effects normal 
conditions more than fault conditions. Furthermore, for both 
the faulty and healthy lines, the KTC values are insensitive to 
the noise when the SNR is >20 dB, and the protection criterion 

can ensure a reliably operation, thus verifying the excellent 
anti-noise performance of the proposed method. 
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Fig. 11. Operating quantities of KTC based protection under different SNR 
values: (a) faulty line L19; (b) healthy line L18. 

E. Influence of Outliers and Comparison work 
Conventionally, outliers can be due to measurement device 

failures and interfered measurement scans. Furthermore, bad 
measurements can be introduced by an attacker to manipulate 
digital relays maliciously. Regardless of the effectiveness of 
software and hardware measures, the outliers cannot be 
eliminated completely; thus, it is necessary to test the impact of 
outliers on the protection algorithm. A single-line-to-ground 
fault with a fault resistance of 300 Ω is induced at the midpoint 
of line L19. Figs. 12 (a) and (b) show the current waveforms of 
the faulty line L19 and healthy line L18 with outliers, 
respectively.   
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Fig.12. Current waveforms with outliers (a) faulty line L19; (b) healthy line L18 
For comparison, CS-based [16]-[19] and PCC-based 

methods [20]-[23] are chosen. As shown in Fig.13, the outliers 
having the same direction as the current waveform do not affect 
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the calculated results. Figs. 13(a) and (b) present the operating 
quantities of the CS-based and PCC-based methods, 
respectively. Both the methods are sensitive to the second 
reverse outliers, and the operating quantities fluctuate 
significantly, whether it is a faulty line or a healthy line, 
resulting in the malfunction of the protection criterion. Fig. 
13(c) shows the operating quantities of the proposed algorithm. 
The reverse outliers slightly reduce the calculated value of the 
faulty line, whereas they slightly increase for the healthy line, 
but both deviate away from the threshold with a sufficient 
margin, ensuring protection safety.   
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Fig.13. Operating quantities of waveform similarity-based protection for both 
lines: (a) CS-based method; (b) PCC-based method; (c) Proposed method. 

The influence of the value size of outliers on the three 
protection methods is given in Table Ⅱ. As the magnitude of the 
abnormal value increases, the calculated values obtained using 
the CS-based and PCC-based methods deviate from the 
expected value and become more significant, thus leading to 
maloperation. In comparison, the proposed method is 
insensitive to outliers, and the KTC remains constant when the 
magnitude of the abnormal value increases to a certain extent. 
The proposed method can correctly identify the fault since the 
outliers are limited to a moderate level by utilizing the rank 
order instead of the metric value.  

TABLE Ⅱ 
INFLUENCE OF THE VALUE SIZE OF OUTLIERS ON THE PROTECTION METHODS 

Method Normal Outliers 
0.5 1 2 3 4 

CS-based 0.9999 0.9070 0.6738 0.1241 −0.2736 −0.5142 
PCC-based 0.9997 0.7937 0.3540 −0.3347 −0.6438 −0.7846 
Proposed 0.9771 0.8792 0.8188 0.8188 0.8188 0.8188 

F. Two-machine System Operating at 500 kV 
The higher the voltage level of the transmission line, the 

longer the line length and the larger the capacitive current 
compared to the one with a lower voltage level. To evaluate the 
effects of the line length and capacitive current on the proposed 
algorithm, a 50 Hz two-machine system operating at 500 kV is 
tested in PSCAD/EMTDC and the parameters can be referred 
from Ref. [35]. 

1) Effect of Line Length: The line length is changed to short, 
medium, and long transmission lines to evaluate its effect on 
the proposed method. Fig. 14 shows that before the introduction 
of the fault, although the long transmission line produces higher 
KTC values than the shorter one due to the existence of higher 
distributive capacitance, the values are far less than the 
threshold. Moreover, the KTC values after introducing the fault 
tend to be stable and are much greater than the threshold. 
Therefore, we can conclude that the line length has little effect 
on the protection performance. 
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Fig.14. Operating quantities of KTC with different line lengths.  

2) Effect and Analysis of Capacitive Current: To analyze the 
influence of capacitive current on the proposed method, a 
single-line-to-ground fault is created at the center of a 200 km 
line for the two-machine system at 0.3 s with distributive 
capacitance parameters set to twice, thrice, four times, five 
times and six times the original value. Fig. 15 shows the KTC 
values in the presence of the above line. 
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Fig.15. Operating quantities of KTC with different line-distributed capacitance. 

With increase in the line distributive capacitance parameters, 
the KTC value increases under the normal condition (before 0.3 
s), as shown in Fig. 15. However, the KTC value is unaffected 
and is greater than 0.9 during fault conditions. The capacitive 
current of the transmission line has a more negative effect on 
the protection under normal conditions than fault conditions. 
The load current is more susceptible to the capacitive current 
because the fault current is usually much higher than the load 
current. Specifically, the capacitive current of the transmission 
line has a negative effect on the protection under normal 
conditions because of the phase difference due to the influence 
of the capacitive current. However, the discharge current of the 
line-distributive capacitor after the introduction of the fault 
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does not affect the waveform change direction of the fault 
current or the polarity, as the fault current has a more dominant 
effect than the capacitive current. 

Capacitive currents may cause magnitude and phase shift of 
the currents on both sides. Since the magnitude effect of the 
original signals is eliminated in this work, the calculated results 
are unaffected by the magnitude differences. The phase shift 
due to the capacitive current depends on the X/R ratio of the 
line and system equivalents [26]. For higher X/R values, the 
capacitive current affects mostly the magnitudes of the terminal 
currents. For lower X/R values (highly resistive impedances), 
the capacitive current affects the phase relationship. Therefore, 
the effect of capacitor current for a high-voltage system with 
large X/R values can be bypassed by a threshold since they 
have a higher safety boundary. 

A problem occurs when a weak system feeds an external 
fault through the protected line. The charging current may be 
higher than the actual inductive current generated by the weak 
source, and the former would invert the current measured at the 
weak terminal, which means that the phase difference between 
the currents at the two terminals is 180°, misleading the 
protection to detect an internal fault in the healthy lines [26].  
This drawback can be mitigated by compensating for the line 
capacitive currents from the measured ones, ensuring line 
protection security under weak infeed. 

V. CONCLUSION 
This study developed a KTC-based robust protection method 

for AC transmission lines. The KTC was computed using the 
proposed refactoring currents, which could effectively deal 
with the problems related to the magnitude of the original 
current signals. Extensive simulations demonstrated that the 
proposed protection algorithm has good performance under 
different fault types, fault distances, and fault resistances and 
that it is robust against CT Saturation, synchronization error, 
and noise. Moreover, the proposed criterion was found to be 
insensitive to outliers compared with the existing criteria, 
ensuring protection safety in case outliers cannot be eliminated 
by the detection method. In the future work, the proposed 
KTC-based pilot protection would be combined with 
incremental currents and capacitive currents compensation 
approaches to overcome the effects of system loads and line 
capacitances. 
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