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Abstract——The distributed capacitance of the line becomes 
larger as the scale of wind farms, the transmission voltage level, 
and the transmission distance increase. Hence, the error of the 
traditional time-domain distance protection scheme based on 
the R-L model, which ignores the distributed capacitance of the 
line, becomes unacceptable. Therefore, the error of the time-do‐
main fault location method based on the R-L model, especially 
the maximum error range, is theoretically analyzed in this pa‐
per. On this basis, a novel fault location method based on the R-
L and Bergeron models is proposed. Then, a fast time-domain 
distance protection scheme is designed. In the proposed scheme, 
the error in the fitting calculation is used to construct a weight 
matrix, and an algorithm for solving the time-domain differen‐
tial equations is designed to improve the calculation speed and 
stability. Compared with the traditional frequency-domain dis‐
tance protection scheme, the proposed scheme is independent of 
the power supply characteristics; thus, it is suitable for wind 
farm transmission lines. In addition, compared with the tradi‐
tional method based on the R-L model, the proposed scheme ef‐
fectively avoids the negative influence of the distributed capaci‐
tance of the line, which significantly improves the operating 
speed. Different types of faults are simulated by PSCAD/EMT‐
DC to verify the effectiveness and superiority of the proposed 
scheme.

Index Terms——Transmission line, R-L model, time-domain dis‐
tance protection, wind farm.

I. INTRODUCTION 

IN response to issues such as global climate change, envi‐
ronmental pollution, and energy strategies, countries 

around the world are actively promoting the low-carbon, 
clean, and sustainable transformation of energy systems [1], 
[2]. For example, China is proposing to achieve an “carbon 
emission peak” by 2030 and “carbon neutrality” by 2060. 
At the 2020 Climate Ambition Summit, China proposed a de‐
velopment goal of achieving a total capacity of wind power 
and photovoltaics exceeding 1200 GW by 2030. Therefore, 
it is extremely important to ensure the safe and reliable oper‐
ation of a power system integrated with a high proportion of 
renewable energy power generation.

At present, wind power generation is one of the most typi‐
cal types of renewable energy power generation. However, 
the operation mode of a wind farm is obviously random and 
intermittent owing to the effects of climatic conditions and 
other factors [3]-[5]. In addition, the fault response character‐
istics of wind power generators, e. g., doubly-fed induction 
generators (DFIGs), are quite different from those of conven‐
tional synchronous generators [6] - [8]. Obviously, the above 
factors will profoundly affect the performance of convention‐
al protection schemes [9]-[12].

Recently, much of the literature has focused on protection 
schemes that consider the effects of integrated wind farms 
[13]-[32]. In this paper, distance protection for transmission 
lines is mainly discussed; thus, research on improving the 
performance of distance protection is introduced below. On 
the basis of the ratio of the current and voltage on the wind 
farm side and information related to the wind turbines partic‐
ipating in power generation, an adaptive method for setting 
wind-farm-side distance protection is proposed in [18]. A 
modified permissive overreach transfer trip scheme and a 
fault current classification technique are devised in [19] to 
address the incorrect measurement of the impedance of the 
distance relay. In [20], the operation characteristics for dis‐
tance protection when a wind farm is integrated are analyzed 
considering the variations in the load, voltage, impedance, 
and frequency. Then, a method that adaptively sets the pro‐
tection boundary using only local information is proposed. 
An adaptive unit that adjusts the relay trip characteristic 
based on an artificial neural network is designed in [21] to 
cope with changes in the operation mode of the wind farm. 
An adaptive distance protection scheme based on frequency 
spectrum analyses of the current and voltage on both sides 
of the line after a fault occurs is proposed in [22].
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However, it is noted that the above studies are mostly 
based on frequency-domain information. According to the re‐
sponse characteristic of a DFIG after a fault, the fault cur‐
rent of a power system integrated with a wind farm may ex‐
hibit frequency deviations and contain high-frequency har‐
monics [23]. This means that it is difficult to accurately ex‐
tract the power frequency signal during the initial stage of a 
fault; thus, the above-mentioned protection schemes cannot 
operate during this initial stage [24]-[27].

Reference [28] points out that the algorithm for solving 
differential equations is not affected by the frequency in prin‐
ciple by analyzing the influence of the frequency offset on 
the distance protection based on the power frequency. There‐
fore, the time-domain distance protection based on a lumped 
parameter model is widely studied. In [29], an algorithm for 
solving differential equations, which combines fault itera‐
tion, digital low-pass filtering, and fault point voltage recon‐
struction, is proposed. In [30], a distance protection scheme 
that has a strong ability to mitigate transient overreach using 
an error correction of a time-domain equation model is pro‐
posed. In [31], a novel solution based on an algorithm that 
solves the differential equations of the R-L model under ze‐
ro-voltage fault conditions is proposed. The above-men‐
tioned schemes for time-domain distance protection do not 
consider the influence of the distributed capacitance of a 
transmission line. As the length of the transmission line in‐
creases, the error caused by ignoring the distributed capaci‐
tance becomes larger and cannot be ignored anymore. In 
[32], a time-domain distance protection scheme for a long-
distance transmission line integrated with a wind farm is pro‐
posed, which calculates the fault distance between a set 
point and the fault point using the Bergeron model to deter‐
mine whether the protection is active. However, when the 
Bergeron model is directly used to calculate the fault dis‐
tance, it may cause the calculated target point to exceed the 
fault point. Under this condition, the calculated voltage and 
current are no longer true, especially when the transition re‐
sistance is large. Obviously, this will result in incorrect oper‐
ation of the protection.

Therefore, a novel fast time-domain distance protection 
scheme based on iteration of the Bergeron model and error 
correction of the weight matrix is proposed in this paper. Af‐
ter a fault, the distance to the fault point is first estimated by 
an improved fault location algorithm based on the R-L mod‐
el. Then, a confidence interval for the calculated value is 
evaluated according to a theoretical analysis of the steady-
state and transient errors. According to this confidence inter‐
val, a point between the protection position and the fault 
point is selected. Moreover, the voltage and current at the se‐
lected point are calculated using the Bergeron model. Next, 
the voltage and current at the selected point are used to re‐
calculate the fault distance with the improved fault location 
algorithm based on the R-L model. The above processes are 
iterated so that the selected point gradually approaches the 
fault point more closely without crossing the point of fail‐
ure. Moreover, the effect of the distributed capacitance is al‐
so eliminated. After the iteration process, the final calculated 

result is obtained, and a protection judgment is made. The 
major contributions of this paper are summarized as follows.

1) The theoretical error of the fault location method based 
on the R-L model is derived in this paper. Hence, the limita‐
tions of the traditional time-domain distance protection 
scheme based on the R-L model and its applicable scenarios 
are clarified.

2) On the basis of the above error analysis, an iterative 
scheme combing the Bergeron and R-L models is proposed. 
The proposed scheme eliminates the location error caused by 
ignoring the distributed capacitance in the R-L model.

3) A stability enhancement algorithm based on the error 
weight matrix and the removal of singular points is pro‐
posed. Compared with existing time-domain distance protec‐
tion schemes, the proposed algorithm has a faster conver‐
gence speed, greater stability, and better robustness to the 
transition resistance and noise. The feasibility and superiori‐
ty of the proposed algorithm are verified by many simula‐
tion cases.

The remainder of this paper is organized as follows. Sec‐
tion II presents the time-domain distance protection scheme 
based on the R-L model and a theoretical derivation of its er‐
ror range. In Section III, we introduce the principles of the 
proposed fast time-domain distance protection scheme. A 
case analysis and comparison are discussed in Section IV. Fi‐
nally, Section V concludes the paper.

II. TIME-DOMAIN DISTANCE PROTECTION SCHEME BASED 
ON R-L MODEL AND THEORETICAL DERIVATION OF ITS

 ERROR RANGE 

With the rapid growth of wind power, the demand for 
long-distance and large-scale power transmission is increas‐
ing. Therefore, the error caused by ignoring the distributed 
capacitance of the transmission line in the R-L model may 
adversely affect protection. In view of this problem, the val‐
ues of the errors in the distributed capacitance and its maxi‐
mum range are analyzed in this section.

A. Time-domain Differential Equations

The differential equations for time-domain distance protec‐
tion are based on the transmission line model with lumped 
parameters. The transmission line from the protection posi‐
tion to the fault point is represented by the series connection 
of resistors and inductors, i.e., equivalent to the R-L model. 
As shown in Fig. 1, a single-phase grounding fault occurs at 
point F on the transmission line; a distance protection is lo‐
cated at the position p; r1 and l1 are the resistance and induc‐
tance per unit length of the transmission line, respectively; 
RF is the transition resistance; iF is the current flowing 
through the transition resistance; im and um are the current 
and voltage at the position p, respectively; l is the total 
length of the transmission line; and x is the fault distance.

In the case of a phase A grounding fault, the voltage 
umA(t) and current imA(t) measured at the protection position 
are [29]-[32]:

umA (t)=[(imA (t)+ 3kri0 (t))r1 + l1d(imA (t)+ 3kli0 (t))/dt]x + iF (t)RF

(1)

841



JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 11, NO. 3, May 2023

where i0(t) is the zero-sequence current; and kr = (r0 - r1)/
(3r1) and kl = (l0 - l1)/(3l1) are the zero-sequence compensa‐
tion coefficients of the resistance and inductance, respective‐
ly, and r0 and l0 are the zero-sequence resistance and induc‐
tance per unit length of the transmission line, respectively.

Under certain conditions, it is approximately assumed that 
the phase of the zero-sequence current flowing through the 
transition resistance is close to the phase measured at the 
protection position for single-phase grounding faults [33]. 
That is, iF = i0 /CF, where CF is the zero-sequence shunt coef‐
ficient at the protection position. Using the median differ‐
ence instead of the differential for discrete sampling data, 
(1) can be equivalent to:

umA (n)=[(imA (n)+ 3kri0 (n))r1 + (imA (n + 1)+ 3kri0 (n + 1)-
imA (n - 1)- 3kli0 (n - 1))l1 /(2Dt)]x + i0 (n)R′F (2)

where n is the number of sampling sequences; Dt is the sam‐
pling interval; and R′F =RF /CF.

Using the voltage and current continuously sampled by 
the protection, a series of equations such as (2) can be ob‐
tained and organized into matrix form as:

U = Iβ (3)

where U, I, and β are the voltage, current, and coefficient 
matrices, respectively, which can be calculated as:

U =[umA (n - k + 1)    umA (n - k + 2)    ...    umA (n)]T (4)

I =
é

ë
ê
êê
ê ù

û
ú
úú
úp(n - k + 1)   p(n - k + 2)  ... p(n)

pd (n - k + 1) pd (n - k + 2) ... pd (n)

T

(5)

β =[x        R′F ]T (6)

where k is the number of sampling points in a data window 
for calculation; p(n) is the current sampling sequence for cal‐
culation, which can be expressed as (7); and pd(n) is the dif‐
ferential derivative sequence of the current sampling points 
for calculation, which can be expressed as (8).

p(n)= imA (n)+ 3kri0 (n) (7)

pd (n)= (imA (n + 1)+ 3kli0 (n + 1)- imA (n - 1)- 3kli0 (n - 1))/(2Dt)
(8)

On the basis of the sampling sequence of a certain redun‐
dant data window, the least-squares method is used to esti‐
mate and solve (3), i. e., fitting the coefficient matrix β so 
that the calculated value of the voltage matrix in the data 
window (Iβ) and the actual value (U) have the minimum dis‐
tance in Euclidean space E, which can be expressed as:

E2 =  U - Iβ
2

2
(9)

By computing the partial derivative of the coefficient ma‐
trix β in the above expression and setting the partial deriva‐
tive to be zero, β can be expressed as:

β = (I T I)-1 I TU (10)

As aforementioned, the time-domain differential equations 
are constructed based on the R-L model for fitting and solv‐
ing, and thus obtaining the fault distance, which is referred 
to as the R-L algorithm.

B. Error Caused by Distributed Capacitance and Its Influ‐
ence on Distance Protection

1)　Metallic Grounding Fault
By comparing the R-L model and the long line equation, 

the error in the fault distance calculation caused by ignoring 
the distributed capacitance in the R-L model is analyzed in 
this paper.

Taking a single-phase system as example, U̇m and İm are 
the voltage and current at the protection position, respective‐
ly. Then, the voltage of point x can be calculated using the 
voltage and current at the protection position and the long 
line equation as:

U̇(x)= U̇m cosh(γx)- İmZc sinh(γx) (11)

where γ is the propagation coefficient; and Zc is the wave im‐
pedance of the transmission line.

When a metallic grounding fault occurs on the line, the 
voltage of the fault point is zero, i.e., U̇(x)= 0. Using (11), a 
relation between the measured impedance and the fault dis‐
tance is obtained in (12). The measured impedance accounts 
for the distributed capacitance of the transmission line.

Zm (ωx)= Zc sinh(γx)/ cosh(γx) (12)

where ω is the power frequency.
When the transmission line is equivalent to that in the R-

L model, the unit impedance of the line is r1 + jωl1. Using 
the more accurate measured impedance in (12), the fault dis‐
tance calculated with the R-L model can be expressed as:

xCALC = | Zm (ωx)/(r1 + jωl1 ) | (13)

At this point, the true fault distance is x; thus, the error in 
the fault distance calculation caused by ignoring the distribut‐
ed capacitance of the line can be expressed as:

Ec (ωx)= xCALC - x (14)

For a transmission line with a total length of lh and a pro‐
tection setting coefficient of kz, the fault location error at x 

must be less than || kzlh - x  if the fault occurs at x on the 

line. The calculated fault distance can correctly fall in or out 
of the protection zone only in this manner. Therefore, the 
condition for correct operation of distance protection is that 
the fault location error is not greater than the difference be‐
tween the fault distance and the set distance. The allowable 
error of the calculated fault distance can be expressed as:

Ea (lhx)= | kzlh - x | (15)

It can be observed from (9) that the error caused by the 
distributed capacitance in the R-L model is related to the fre‐
quency. The access of a wind farm may add an attenuation 
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Fig. 1.　R-L series model of a transmission line.
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current component of the rotor speed frequency to the fault 
current, and its frequency is 0.7-1.3 times the power frequen‐
cy [34], [35], i.e., 35-65 Hz.

Given the transmission line parameters r1 = 0.208 Ω/km, 
l1 = 0.8984 mH/km, and c1 = 0.0129 μF/km, the error caused 
by the distributed capacitance at 35, 50, and 65 Hz is calcu‐
lated. Taking the distance protection setting value of 90% as 
an example, the allowable error for distance protection is cal‐
culated when the line length is 200, 300, and 400 km, re‐
spectively. The calculated results are shown in Fig. 2(a). 
From Fig. 2(a), it is found that the calculated results for the 
error are positive when the R-L model ignores the distribut‐
ed capacitance. Therefore, the distance protection may refuse 
to operate when the fault point is close to the set point. The 
abscissa of the intersection of the error curve of the R-L 
model Ec (ωx) and the allowable error curve of the distance 
protection Ea (lhx) in Fig. 2(a) is the starting point at which 
distance protection may refuse to operate. Figure 2(b) shows 
the possible rejection lengths of protection for different line 
lengths and frequencies.

The above analysis of the possible rejection length of pro‐
tection is based on the steady state. In fact, owing to the ac‐
cess of the large-scale wind farm, the error in the calculated 
fault distance will be further increased as the high-frequency 
component in the fault transient increases. The reliability of 
distance protection will be reduced further.
2)　Influence of Transition Resistance on Error in Distributed 
Capacitance

When a fault with a transition resistance occurs at x on 
the line, the voltage at the fault point is no longer zero, and 

the assumption that U̇(x)= 0 in the aforementioned error 
analysis is no longer valid.

At x = 0, we expand the long line equation in (11) by a 
first-order Taylor expansion:

U̇(x)= U̇m - (r1 + jωl1 )İm x +R2 (x) (16)

where R2 (x)= U̇(ξx )γ2 x2 /2 (0 < ξx < x), which is the Lagrange 
remainder of the first-order Taylor expansion in (16), and ξx 
is a certain point from the protection position to the fault 
point.

It is noted that when (16) ignores the Lagrange remainder 
and is transformed into the time domain, it becomes a time-
domain R-L equation. Therefore, R2 (x) is the error of the R-
L model.

In the case of a fault with a transition resistance, the fault 
distance can be calculated as:

xCALC = | (U̇m - U̇(x)+R2 (x))/[(r1 + jωl1 )İm ] | £ xCALC(1)+ xCALC(2)

(17)

where xCALC(1)= | (U̇m - U̇(x))/[(r1 + jωl1 )İm ] |; and xCALC(2)=

| R2 (x)/[(r1 + jωl1 )İm ] |. Therefore, xCALC - xCALC(1)£ xCALC(2).

xCALC(1) can be regarded as the fault distance calculated by 
the R-L model in the physical sense, and xCALC(2) is the calcu‐
lated fault distance of the Lagrange remainder. Therefore, 
the error in the fault distance calculated by the R-L model 
cannot exceed xCALC(2) at most. Since an accurate value for 
|U̇(ξx )| in R2 (x) cannot be determined, an accurate calculated 
value for xCALC(2) cannot be obtained. However, from the deri‐
vation process for the Lagrange remainder, it is known that 
|U̇(ξx )| is the voltage at a certain point from the protection 
position to the fault point; thus, it satisfies the condition that 
|U̇(ξx )| < |U̇m|. Therefore, the range of xCALC(2) can be ex‐
pressed as:

xCALC(2)= | (g1 + jωc1 )U̇(ξx )x2 /(2İm ) | <
| (g1 + jωc1 )U̇m x2 /(2İm ) |   » | jωc1 Zm x2 /2 | (18)

where g1 is the conductance per unit length of the transmis‐
sion line; and Zm is the apparent impedance at the protection 
position. Assuming that a transmission line is equivalent to 
the Γ model, Zm can be expressed as:

Zm =[(r1 + jωl1 )x +RF ]  //   [1/(jωc1 x)] (19)

By substituting (19) into (18) and rearranging, the maxi‐
mum error is expressed as:

Ecmax (ωxRF )=
|

|

|
||
|
|
| YWx3 +WRF x2

2(1 + YWx2 +WRF x)

|

|

|
||
|
|
|

(20)

where Y = r1 + jωl1; and W = jωc1.
When the frequency is set to be 50 Hz, the rejection 

length of protection caused by the error in the distributed ca‐
pacitance is calculated for different transition resistances, as 
shown in Fig. 3. By comparing Fig. 3 and Fig. 2(b), the dif‐
ference between the rejection length of protection calculated 
by the accurate error and that calculated by the maximum er‐
ror is small in the case of metal grounding. This indicates 
that the scaling of the error range in this section is reason‐
able.
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Fig. 2.　Error of R-L model at different frequencies and its influence on dis‐
tance protection. (a) Ranges of error in R-L model and allowable error of 
distance protection. (b) Rejection lengths of protection for different line 
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III. PRINCIPLES OF FAST TIME-DOMAIN DISTANCE 
PROTECTION SCHEME 

A. Improved Algorithm for Solving Differential Equations of 
R-L Model

In this subsection, an improvement to the algorithm for 
solving the differential equations of the R-L model based on 
the error weight matrix is presented (referred to as improved 
R-L algorithm). This algorithm can improve the convergence 
speed while ensuring stability. The calculated transient error 
based on the fitting error is analyzed.
1)　Removal of Singular Points

When solving the differential equations of the R-L model, 
the difference instead of the differentiation for derivation 
causes algorithm errors. Differential derivation has the larg‐
est error across the sampling point at the peak of the current. 
Defining these points as singular points, it is easy to show 
that these points satisfy:

pd (n)pd (n - 1)< 0 (21)

As the protection installation continuously acquires sam‐
pling data, the current derivative sequence pd (n) is continu‐
ously determined and detected by (21). If sampling point ns 
meets the above condition, the fitting calculation weight of 
ns and its nearby points will be reduced. To this end, a diago‐
nal matrix of error weights WI = diag(WI (n)) is introduced, 
whose element is:

WI (n)=
ì
í
î

1/ k    n = ns ± cn

1        n ¹ ns ± cn
(22)

where k is the number of sampling points in the unit data 
window; and cn is the value of the real number, which is de‐
termined by the number of sampling points in the unit data 
window.

After introducing the matrix of error weights, (9) can be 
rewritten as:

E2 = (U - Iβ)TWI (U - Iβ) (23)

By solving the equation above, the coefficient matrix to 
be calculated after the weights of the singular points are re‐
duced is obtained as:

β = (I TWI I)-1 I TWIU (24)

2)　Stability Enhancement
In general, the calculated results may have relatively large 

fluctuations for the same sampling rate when the data win‐
dow for calculating the differential equations is short; when 
the data window is relatively long, the calculated results are 
more stable. However, during the process of the transient-
state to steady-state calculation, the long data window may 
contain both transient- and steady-state data, resulting in the 
calculated results that reach the final steady-state value more 
slowly than the shorter data window.

In order to solve the problems above, a short sliding data 
window is selected for calculation in this paper to ensure 
rapid convergence. After the calculation starts to enter the 
steady state, a matrix of error weights is introduced to calcu‐
late the weighted average of the fitting results to ensure the 
stability of the calculation. The error weight matrix is deter‐
mined as follows.

The fitting error in the unit data window is defined as:

Er = ∑
i = n - k + 1

n

[(U(i)- I(i)β)/U(i)]2 (k - 2) (25)

The value of the fitting error reflects the degree of agree‐
ment between the results of the fitting calculation and the 
true parameters. When the transient process is severe, the dif‐
ferential equations cannot obtain stable solutions, and the fit‐
ting error is relatively large. When the calculation begins to 
enter the steady state, the fitting error approximates zero. 
Therefore, the reciprocal of the fitting error 1/Er can be used 
as the weight coefficient of the result of a single fitting cal‐
culation. A larger weight coefficient means that the result of 
the fitting calculation is closer to the actual value. In this pa‐
per, a specific value of Er is used as the threshold for deter‐
mining whether the calculation starts to enter the steady 
state. When Er is larger than the threshold, the calculated re‐
sults will not be artificially modified.

When Er is less than the threshold for the first time, the 
previous results of the fitting calculation are discarded. The 
subsequent calculated results are weighted and averaged ac‐
cording to the above-mentioned weight coefficients. Assume 
that Er is less than the threshold for the first time at the mth 
fitting calculation, and the (m + z)th fitting calculation is cur‐
rently in progress. The calculated result for the ith fault loca‐
tion calculation is expressed as:

xi =

ì

í

î

ïïïï

ïïïï

xi                                                                     i <m

XΕr ∑
ie = 1

z

Εr (ie )    i ³m (26)

where Εr (ie ) is the ith
e  element of Εr; X =[xmxm + 1...xm + z ]; 

and Εr =[1/Er(m)1/Er(m+ 1)...1/Er(m+ z) ]
T, and Er(m) is the fitting 

error at the mth fitting calculation.
3)　Transient Error

On the basis of a simulation analysis of a power grid with 
100% integration of a wind farm, a single-phase grounding 
fault simulation experiment is carried out at intervals of 50 
km on a 400 km line, and different transition resistances are 
set for each fault. The experimental data are calculated by a 
least-squares fitting based on the R-L model. The simulation 
model and calculation parameters are presented in Section 
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IV. The current threshold of the fitting error is set to be 1 ×
10-5. The time for the fitting error Er to reach the threshold 
is defined as tthr. The relative error of the transient calcula‐
tion is defined as the ratio of the current calculated value mi‐
nus steady-state value to the steady-state value.

In all examples, the value and distribution of tthr are 
shown in Fig. 4(a), where the dots represent different exam‐
ples, and the area of the ordinate reflects the aggregation de‐
gree of a large number of examples in the corresponding ab‐
scissa. The threshold value can be reached within 15 ms, 
and tthr is concentrated in the range of 9-10 ms. The relative 
transient error ranges at tthr and every 1 ms after tthr are 
shown in Fig. 4(b), and they are taken as a basis of the pro‐
tection scheme in this paper.

B. New Scheme for Distance Protection

1)　Adopted Bergeron Model
In the time domain, the voltage and current at x on the trans‐

mission line can be calculated with the voltage and current at 
the protection position using the Bergeron model [36] as:
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(27)

A(x)=-D(x)=De (τ)[1/2 + (r1 x)2 /(32z 2
c )+ r1 x/(4zc )]+

De (-τ)[1/2 + (r1 x)2 /(32z 2
c )- r1 x/(4zc )]-  (r1 x)2 /z 2

c (28)

B(x)=-De (τ)[3r1 x/8 + 3(r1 x)2 /(32zc )+ zc /2 + (r1 x)3 /128z 2
c ]-

De (-τ)[3r1 x/8 - 3(r1 x)2 /(32zc )- zc /2 +
  (r1 x)3 /(128z 2

c )]- r1 x/4 + (r1 x)3 /(64z 2
c ) (29)

C(x)=De (τ)[1/(2zc )+ r1 x/(8z 2
c )]+De (-τ)[-1/(2zc )+

r1 x/(8z 2
c )]- r1 x/(4z 2

c ) (30)

where τ = x/v, v is the wave celerity; De (τ) is the retardation 

factor, so there is f (t + τ)=De (τ) f (t); and zc = l1 /c1  is the 

wave impedance of a nondissipative line.
When the R-L model is used for calculation, the error in 

the fault location caused by the distributed capacitance is 
Ec (sx). The voltage and current can be calculated from the 
protection position to xα (xα < x) on the line by the Bergeron 
model in (27) and in combination with the phase-mode trans‐
formation. The R-L model is used to recalculate the fault dis‐
tance using the voltage and current at xα on the transmission 
line. The error in the fault distance caused by distributed ca‐

pacitance in the final calculated result is Ec (sx)-Ec (sxα ). 
Therefore, the error caused by the distributed capacitance 
can be reduced through the calculation of the Bergeron mod‐
el.

At the same time, the starting point of the R-L model is 
shifted towards the fault point because of the calculation of 
the Bergeron model. The influence of the distributed capaci‐
tance is reduced. Therefore, the convergence speed and sta‐
bility of the calculation will be improved.
2)　Iterative Calculation of Fault Distance

It can be observed from Section II that the fault location 
calculated by the R-L model is greater than the actual value 
when the error in the branching coefficient CF is neglected. 
Further, it is more difficult to determine the true fault point 
owing to the effects of the transient process. If the voltage 
and current are calculated to the rear of the fault point by 
the Bergeron model, the obtained voltage and current are 
false. In particular, the phase of the calculated voltage is op‐
posite to that of the actual value when a transition resistance 
exists. Therefore, the fault location based on this calculation 
will no longer be accurate. It is particularly important to se‐
lect the appropriate calculation point for the Bergeron mod‐
el. In this paper, a distance protection scheme based on 
Bergeron iteration combined with an error analysis is pro‐
posed. The flowchart of this scheme is shown in Fig. 5. Fur‐
ther explanation of Fig. 5 is as follows.

In each fault distance fitting calculation, the short sliding 
data window is selected, and the improved R-L algorithm is 
used for the fitting calculation. The value of the fault dis‐
tance from the fitting calculation at tthr is selected as x0, and 
distance protection is first determined using (31). Consider‐
ing the transient calculation error and the minimum error 
caused by the distributed capacitance, the fault distance can 
fall within the setting value, and the transition resistance is 
less than the setting value. Thus, the distance protection op‐
erates. When (31) is not satisfied at time tthr, new calculated 
results for the fault distance are continuously obtained with 
the continuous entry of sampling data. From tthr to 5 ms after 
tthr, the distance protection determined by (31) is continued 
until it is satisfied.

[(xn /(1 + k- )-Ec (xn /(1 + k+ ))]< xset(R′F(n)<R′F(set) )= 1 (31)

where xset is the value set for the distance protection; R′F(n) is 
the calculated result for the equivalent transition resistance 
in the nth fault location calculation; R′F(set) is the threshold val‐
ue of the calculated transition resistance, which is obtained 
according to simulation, and a specific description and simu‐
lation data will be given later; and k- and k+ are the maxi‐
mum negative and positive relative transient errors in the cal‐
culated value at the current moment, respectively. According 
to the previous analysis and considering the margin, the val‐
ues of k- of 0, 1, 2, 3, 4, and 5 ms after tthr are taken to be 
-60%, -60%, -50%, -50%, -50%, and -25%, respectively; 
the values of k+ of 0, 1, 2, 3, 4, and 5 ms after tthr are taken 
to be 25%, 25%, 20%, 10%, 10%, and 10%, respectively.

When 5 ms after tthr has passed, if (31) is still not satis‐
fied, it can be determined that the fault point is closer to the 
set point or that the transition resistance is larger. 
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Thus, the process of Bergeron iteration is started. The line 
length that can be calculated in the direction of the fault 
point by the Bergeron model is expressed in (32). The maxi‐
mum error caused by the transient calculation and distribut‐
ed capacitance is comprehensively considered to ensure that 
the calculation point is in front of the fault point. For single 
terminal information, it is impossible to know an accurate 
value for the transition resistance. In this paper, RF is taken 
as the maximum possible value of the current voltage level 
when considering the maximum error of the distributed ca‐
pacitance.

xB(n+ 1)= xB(n)+min{xRL(n) /(1 + k+ )-Ecmax (xRL(n) /(1 + k+ ))
xRL(n) /(1 + k- )-Ecmax (xRL(n) /(1 + k- )} (32)

where xB(n) is the maximum distance that can be calculated 
with the Bergeron model during the nth fault location calcula‐
tion; xRL(n) is the nth calculation result of fault distance based 
on the R-L model; k+ is taken to be 10%; and xB(1)= 0.

The condition for stopping the iterative calculation of the 
Bergeron model is expressed in (33). This means that the er‐
ror that is actually reduced by the two iterative calculations 

before and after is already less than the minimum theoretical 
error that can be reduced by the two iterative calculations. 
At this time, it is no longer an actual benefit to continue the 
iterative calculation. It is considered that the theoretical and 
transient calculation errors have been eliminated to the great‐
est extent.

| xn + 1 - xn | < kb| Ec (xRL(n+ 1) )-Ec (xRL(n) ) | (33)

where kb is the coefficient considering the error margin of 
the calculation, which is selected according to the calcula‐
tion schedule, and is taken to be 1.2 in this study.

When the last two calculated results for the fault distance 
satisfy (33), the starting point of the calculation for the R-L 
model is already close to the fault point to the greatest ex‐
tent. Thus, the transient calculation process has been greatly 
weakened. At this time, the margin of the transient calcula‐
tion error is no longer considered. Therefore, the distance 
protection operation is judged by:

(xn < xset )(R′F(n)<R′F(set) )= 1  (34)

In summary, when the transition resistance is less than the 
threshold value, the scheme combines the error in the distrib‐
uted capacitance and the relative transient error of the im‐
proved algorithm to determine the distance protection. When 
the fault point is far from the set point and the error is not 
sufficiently high to cause the protection to refuse to operate 
or incorrectly operate, the scheme determines the distance 
protection operation. When the fault point is close to the set 
point, the voltage and current are gradually calculated to the 
front of the fault point by the iterative scheme on the prem‐
ise of ensuring that the calculation point will not cross the 
fault point. This can eliminate the transient- and steady-state 
errors caused by the distributed capacitance to the maximum 
extent. On the basis of the above calculations, the final fault 
location is obtained to determine the distance protection.
3)　Countermeasure for High-resistance Faults

When the transition resistance is large and the branch co‐
efficient CF can no longer be regarded as a real number, it is 
the most unfavorable situation for the R-L model. In this 
case, there may be a large error in the fault location. There‐
fore, the threshold is usually set for the calculated value of 
the transition resistance R′F. However, when the threshold is 
set to be a small value, it may cause the protection to refuse 
to operate with the transition resistance fault in the protec‐
tion zone. When the threshold is set to be a large value, it 
may cause the protection to operate incorrectly when the 
fault occurs outside the protection zone. For the R-L model, 
if the resistance and reactance are solved as two unknowns, 
as in (35), the impedance trajectory of the fault loop is calcu‐
lated and compared with the setting impedance circle, and 
the fault zone can be better determined in the case of high-
resistance faults, thus solving the above problems to a cer‐
tain extent.

umA (t)= (imA (t)+ 3kri0 (t))Rx + Lxd(imA (t)+  3kli0 (t))/dt + iF (t)R′F
(35)

where Rx and Lx are the lumped equivalent resistance and in‐
ductance of the fault loop, respectively.
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However, the solution of (35) is not as stable as that of 
(1). The convergence speed is poor. Therefore, for the 
scheme proposed in this paper, the calculation for solving 
(35) is carried out after the Bergeron iteration is completed. 
This can greatly reduce the influence of the transient process 
on the calculated solution. Using the improved algorithm in 
this paper can make the calculated result more stable and 
converge faster. The final results for the impedance calcula‐
tion can be expressed as:

ì
í
î

ïïZR(n+ 1)= xB(n+ 1)r1 +Rx(n+ 1)

ZL(n+ 1)= jω(xB(n+ 1)l1 + Lx(n+ 1) )
(36)

where ZR(n+ 1) and ZL(n+ 1) are the equivalent impedance and in‐
ductive reactance of the fault loop during the (n + 1)th fault lo‐
cation calculation, respectively; and Rx(n+ 1) and Lx(n+ 1) are the 
equivalent resistance and inductance of the fault loop calcu‐
lated by (35) with the voltage and current at xB(n+ 1) on the 
line, respectively.

The value of the fault impedance calculated with (36) is 
compared with that of the setting impedance circle to deter‐
mine the distance protection operation.

|| Zn + 1 - 1/(2Zset ) < 1 || 2Zset (37)

where Zn + 1 = ZR(n + 1) + ZL(n + 1); and Zset is the setting impedance 
of the distance protection. On the basis of the above im‐
proved algorithm and the simulation examples in the follow‐
ing section, R′F(set) is set to be a smaller value of 300 Ω to 
prevent the protection from incorrect operation in the case of 
external faults.

IV. CASE ANALYSIS AND COMPARISON 

A. Simulation Model and Parameters

In PSCAD/EMTDC, the equivalent model for 100% inte‐
gration of a wind farm into the power grid is built, as shown 
in Fig. 1. A total of 100 DFIGs of 5 MW are installed in the 
wind farm, which can provide 500 MW of electricity to the 
main grid. The detailed parameters of the DFIGs are listed 
in Table I. In the simulation setting, when a serious fault oc‐
curs, a crowbar is normally inserted, and the converter is 
blocked. The transmission voltage level is 500 kV, and the 
length of the transmission line is 400 km. The detailed pa‐
rameters of the transmission line are listed in Table II.

B. Validation of Bergeron Model

In the analysis and calculation of the cases in this paper, 
the fault is set at the voltage peak at 3 s, the simulated sam‐
pling rate is 10 kHz, the sampled data are filtered through a 
120 Hz Butterworth third-order low-pass filter, and the dis‐
tance protection I segment is set to be 90% of the line length.

To verify the effectiveness of using the Bergeron model to 
reduce the steady-state error and transient process, a single-
phase grounding metallic fault is set at 300 km on the trans‐
mission line. Using the Bergeron model in (27) and phase-to-
mode transformation, the voltage and current at the protec‐
tion position are calculated at 90, 180, and 270 km on the 
transmission line, respectively. The above Bergeron calcula‐
tion points are used as the starting points of the R-L model 
to fit the fault distance. The calculation results of fault dis‐
tance at different points by Bergeron model are shown in 
Fig. 6. After the calculation of the Bergeron model, a small‐
er error in the calculated results, faster convergence, and 
smaller fluctuations are obtained when the starting point of 
the R-L model calculation is closer to the fault point.

C. Verification of Proposed Scheme

1)　Verification of Proposed Improved R-L Algorithm for Im‐
proving Calculation Speed and Stability

When the fault points are far away from the protection set‐
ting point and the transition resistance is less than the thresh‐
old, it can be concluded that the error range meets the pro‐
tection operation requirements in the proposed protection 
scheme. Thus, the Bergeron iteration will not be triggered. 
To verify the effectiveness of the improved R-L  algorithm 
for solving the differential equations of the R-L model, a sin‐

TABLE I
PARAMETERS OF DFIGS

Parameter

Rated power

Number of DFIGs

Rated voltage

Rated stator frequency

Stator resistance

Stator leakage inductance

Wound rotor inductance

Wound rotor leakage inductance

Rated wind speed

Value

5 MW

100

690 V

50 Hz

0.0054 p.u.

0.10 p.u.

0.00607 p.u.

0.11 p.u.

10.5 m/s

TABLE Ⅱ
PARAMETERS OF TRANSMISSION LINE

Parameter

Positive- or negative-sequence resistance

Positive- or negative-sequence inductance

Positive- or negative-sequence capacitance

Zero-sequence resistance

Zero-sequence inductance

Zero-sequence capacitance

Value

0.0208 Ω/km

0.8984 mH/km

0.0129 μF/km

0.1148 Ω/km

2.2886 mH/km

0.0052 μF/km
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Fig. 6.　Calculation results of fault distance at different points by Bergeron 
model.
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gle-phase metallic grounding fault is set at 100, 200, and 
300 km on the transmission line. When performing least-
squares fitting and solving, the data windows used for calcu‐
lation are selected to be 0.8, 5, and 10 ms, respectively. The 
latter two are the length of the data windows commonly 
used in other papers when fitting and solving the differential 
equations of the R-L model [29]-[32]. The improved R-L al‐
gorithm proposed in this paper is based on the 0.8 ms short-
term data window. The results of the fitting results for differ‐
ent fault distances and different data windows are shown in 
Fig. 7. The volatility of the improved R-L algorithm is small‐
er compared with the 5 ms data window. The improved R-L 
algorithm can converge to the vicinity of the calculated 
steady-state value faster than the 10 ms data window. The 
improved R-L algorithm considers the speed and stability of 
the fitting calculation.

2)　Verification of Proposed Scheme for Eliminating Error
When the fault point is close to the setting point of dis‐

tance protection, the proposed scheme triggers Bergeron iter‐
ation. To verify the effectiveness of the proposed scheme in 
reducing the transient- and steady-state errors, a single-phase 
metallic grounding fault is set at 342, 350, and 378 km on 
the transmission line, respectively.

The power frequency algorithm based on Fourier trans‐
form (referred to as Fourier algorithm), the traditional R-L 
algorithm, the improved R-L algorithm, and the proposed 
scheme are used to calculate the fault distance, respectively. 
The results are shown in Fig. 8. 

When the fault occurs at 95% of the protection setting val‐
ue (342 km), the traditional R-L algorithm fluctuates up and 
down at this value, resulting in incorrect operation. The Fou‐
rier algorithm has the largest error and fluctuation. The im‐
proved R-L algorithm is stable below the setting value, and 
the proposed scheme converges near the actual value of the 
fault distance. In case of terminal fault in the protection 
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zone, the improved R-L algorithm and the proposed scheme 
can correctly operate. When the fault occurs at 350 km on 
the transmission line, the fault distance calculated by the tra‐
ditional R-L algorithm completely exceeds the setting value 
because the distributed capacitance is ignored, or it exceeds 
the full length of the transmission line. The proposed 
scheme can quickly converge near the actual value of the 
fault distance, and the protection can correctly operate. 
When the fault occurs at 105% of the protection setting val‐
ue (378 km), each algorithm can ensure that the protection 
does not malfunction, whereas the proposed scheme can ob‐
tain a more accurate and stable fault distance.
3)　Effect of Transition Resistance and More Examples

To verify the anti-transition resistance capability of the 
proposed scheme, a single-phase grounding fault with a 
300  Ω transition resistance is set at 300 and 378 km on the 
transmission line, respectively. The impedance trajectory of 
the fault loop is calculated by the proposed scheme and di‐
rectly calculated by (35) (defined as scheme 1), respectively. 
The comparison is shown in Fig. 9. The impedance trajecto‐
ry of the proposed scheme can be stable inside or outside 
the impedance circle to ensure the correct operation of the 
distance protection. However, the impedance trajectory of 
scheme 1 passing through the impedance circle is not suffi‐
ciently stable, which may cause incorrect operation of the 
distance protection. Therefore, the proposed scheme has a 
relatively strong ability to resist the transition resistance.
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Fig. 9.　 Impedance trajectory of fault loop when a single-phase grounding 
fault with a 300 Ω transition resistance is set at 300 and 378 km on trans‐
mission line. (a) 300 km. (b) 378 km.

Taking a single-phase grounding fault as an example, 

more simulation examples and data for the proposed scheme 
are summarized in Table III. “Y” means that the calculated 
impedance trajectory is inside the setting impedance circle. 
“N” means that the calculated impedance trajectory is out‐
side the setting impedance circle. “-” means that the calculat‐
ed value of the transition resistance is less than the threshold 
value (300 Ω) and no impedance calculation is required. “√” 
indicates that the distance protection operates or does not op‐
erate correctly. “´” indicates that the distance protection fails 
to operate or incorrectly operates. “t” represents the time re‐
quired for distance protection to make a judgement. It can 
be observed from the data in Table III that the proposed 
scheme can obtain a quick judgment in about 15 ms for all 
types of faults. Moreover, the proposed scheme has a strong 
ability to resist the transition resistance.

Owing to the weak feed-in characteristic of the wind 
farm, the opposite terminal source exhibits a strong feed-in 
function during faults. Obviously, this is similar to the case 
of a heavily loaded line with a strong infeed from the re‐
mote source, where the assumption that the branching coeffi‐
cient CF is a real number is no longer applicable. At this 
time, the calculation error caused by the above assumption is 
large. In order to avoid the incorrect operation of distance 
protection, the proposed scheme sets a threshold R′F(set). If the 
calculated R′F exceeds R′F(set), the impedance trajectory is cal‐

TABLE Ⅲ
SIMULATION EXAMPLES AND DATA FOR PROPOSED SCHEME

Fault 
type

Internal 
fault

External
 fault

Fault 
location 

(km)

100

200

300

350

378

RF 
(Ω)

0

50

100

200

300

0

50

100

200

300

0

50

100

200

300

0

50

100

200

300

0

50

100

200

300

xn 
(km)

100.65

103.36

105.96

110.84

110.21

203.71

206.70

209.33

208.71

214.15

299.10

299.33

301.63

308.58

316.05

350.43

340.72

334.64

327.04

324.90

377.80

341.60

326.60

322.19

400.64

R′F(n) 
(Ω)

0.00

69.80

139.66

279.55

419.65

0.00

101.69

203.53

407.60

610.40

-0.03

186.93

301.63

746.85

1119.80

-0.06

316.82

633.68

1265.95

1888.65

-0.10

522.66

1023.15

2030.07

3036.14

Impedance 
trajectory

-

-

-

-

Y

-

-

-

Y

Y

-

-

Y

Y

Y

-

Y

N

N

N

-

N

N

N

N

Distance 
protection

√
√
√
√
√
√
√
√
√
√
√
√
√
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culated, and the impedance circle is introduced to identify 
the fault position. Therefore, in the simulation cases in Table 
III, the impedance trajectories exceed the impedance circle 
for the high-impedance faults at the end of the protection 
zone (e.g., at 350 km), and the proposed scheme refuses to 
operate. In regards to the above situation, the proposed 
scheme needs further research and improvement, which will 
be developed in the future work.
4)　Effect of Noise

To simulate a real situation, white Gaussian noise is added 
to the sampled signal. In the case of different signal-to-noise 
ratios (SNRs), the proposed scheme is compared with the tra‐
ditional time-domain distance protection scheme. A single-
phase metallic grounding fault is set at 100 and 350 km on 
the transmission line as examples for comparison. The SNR 
is set to be 30 and 20 dB, respectively. A comparison be‐
tween the proposed and traditional schemes is shown in Fig. 
10. The proposed scheme is less affected by noise, and the 
advantages of the proposed scheme are more obvious at a 
smaller SNR.

5)　Performance of Proposed Scheme for Different Fault 
Types

The proposed scheme is also applicable to other types of 
faults. Line-to-line faults and three-phase-to-ground faults at 

100 km on the transmission line are used as examples. The 
proposed scheme is compared with the traditional R-L algo‐
rithm and the Fourier algorithm. The simulation results are 
shown in Fig. 11. The proposed scheme still has obvious ad‐
vantages. In the case of a three-phase-to-ground fault, the 
fault current is quite small owing to the weak feed character‐
istic of the wind power system, and the power frequency cur‐
rent accounts for a lower proportion of the fault current. The 
Fourier algorithm cannot correctly reflect the fault distance, 
while the proposed scheme is less affected.

V. CONCLUSION 

For the time-domain distance protection scheme used for 
transmission lines connected to wind farms, the location er‐
ror of the R-L model caused by ignoring the distributed ca‐
pacitance of the transmission line is deduced in this paper, 
and its influence on distance protection is analyzed. The 
analysis shows that the operation of distance protection may 
fail when ignoring the distributed capacitance of the trans‐
mission line as the system voltage level and transmission dis‐
tance increase. In this paper, the precise range over which 
distance protection fails to operate is theoretically analyzed.

For the time-domain distance protection scheme based on 
the R-L model, an algorithm for improving the error weights 
based on a short-term data window, which converges faster 
than the commonly used long-term data window, is proposed 
in this paper, and the stability of the calculated results is sig‐
nificantly improved.
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Further, a new scheme for time-domain distance protec‐
tion that uses the Bergeron model for iteration is proposed 
in this paper. Compared with the traditional scheme that di‐
rectly uses the R-L model, the calculation error is significant‐
ly reduced. Moreover, the calculation speed and stability and 
the robustness to the transition resistance are improved. Ob‐
viously, compared with the traditional time-domain distance 
protection scheme, the dead zone for the operation of the 
proposed protection scheme is much smaller. However, it is 
noted that the proposed scheme cannot reliably operate when 
a high-resistance fault occurs at the end of the line. This 
problem will be further studied in our future work.
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