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Abstract——Time-domain distance protection shows superior 
performance for transmission lines integrated with renewable 
energy sources (RESs). However, in 35-110 kV renewable power 
transmission systems, the inhomogeneity of the mixed overhead 
lines (OHLs) and underground cables (UGCs) negatively affects 
the feasibility of distance protection. This paper proposes a ro‐
bust algorithm of time-domain distance protection for renew‐
able power transmission system with the mixed OHLs and 
UGCs. First, based on the time-domain mathematical model, 
the accuracy and robustness of the conventional algorithm un‐
der inhomogeneous line parameters are evaluated. To solve the 

“0/0” problem caused by weak signals, the singular value de‐
composition-based least squares method (SVD-LSM) is adopted 
to avoid calculation outliers and improve the protection reliabil‐
ity. Meanwhile, a weighting method based on Euclidean norm is 
designed to overcome the problem of computational non-conver‐
gence. It also ensures the protection operation speed by using a 
short time window. In addition, a distance correction method is 
designed for mixed lines to improve the accuracy of fault loca‐
tion. On the basis, a prototype of the protection device is devel‐
oped, and extensive hardware-in-the-loop (HIL) tests are per‐
formed to verify its feasibility and superiority. In addition, the 
prototype of the protection device has been applied to actual re‐
newable power transmission systems.

Index Terms——Renewable energy source (RES), transmission 
line, distance protection, fault location, overhead line (OHL), 
underground cable (UGC).

I. INTRODUCTION 

THE integration of renewable energy sources (RESs) into 
urban power grids has increased markedly in recent 

years [1]. Consequently, it is of the utmost importance to 
guarantee secure and reliable operation of power systems un‐
der the integration of large-scale and high-proportional RESs. 
However, the fault response of RESs has completely different 
characteristics from synchronous generators, which challenges 
the adaptability of conventional grid protections [2]-[5].

Line protection in power grids usually adopts single-ended 
methods (i.e., overcurrent protection and distance protection) 
and double-ended methods (i. e., current differential protec‐
tion). For overcurrent protection, the small short-circuit ca‐
pacity and random output power of RESs lead to difficulties 
in coordinating the relay settings, which can hardly guaran‐
tee the selectivity of the protection [6], [7]. In addition, the 
frequency of RES short-circuit current may differ from the 
system frequency, especially for doubly-fed induction genera‐
tors (DFIGs) [8]-[10]. In this case, the current frequency de‐
viation negatively affects the performance of conventional 
distance protection based on the Fourier algorithm, which 
may trip incorrectly during the fault transient stage, as illus‐
trated in Fig. 1. Although current differential protection can 
be applied to lines with integrated RESs, the small ampli‐
tude and phase shift of the fault current on RES station side 
still affect the sensitivity of the protection [11], [12]. In addi‐
tion, current differential protection relies on communication 
channels, and the cost and complexity of engineering imple‐
mentation limit its application at different voltage levels, espe‐
cially for 35-110 kV renewable power transmission systems.

At present, for the outgoing lines of RES stations with 
voltage levels below 110 kV in Tianjin urban grid, China, 
line protection devices based on the single-ended method are 
generally installed only on the grid side, but not on the RES 
station side [13], [14]. When a fault occurs, the RES station is 
usually tripped off and disconnects from the grid via its own 
frequency and voltage protection. However, the single-ended 
method has poor selectivity, even with a time delay of 0.2-0.5 
s. For example, an external fault outside the Hanzhuang sub‐
station (Ninghe District, Tianjin, China) results in the tripping 
of eight integrated RES stations distributed on different lines. 
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To avoid the frequent tripping of RES stations and ensure the 
power supply reliability, the delay time of frequency and volt‐
age protection should be further extended. However, this ex‐
tension brings risks to the system operation stability. There‐
fore, it is necessary to realize fast and selective single-ended 
method for 35-110 kV renewable power transmission systems.

To address the aforementioned issues, the time-domain dis‐
tance protection (corresponds to time-domain algorithm in 
Fig. 1), which employs differential equations to locate faults, 
is a viable method for renewable power transmission sys‐
tems [15]-[22], since it is independent of the frequency char‐
acteristics of the fault current. The differential equation meth‐
od proposed in [15] - [18] employs sampled values of mea‐
sured voltages and currents to calculate the fault distance, 
which is independent of the fault resistance. The differential 
equation method exhibits favorable performance for short-
distance and medium-distance transmission lines. In [19], a 
method considering R-L and the Bergeron model is proposed 
for long-distance transmission lines. To further enhance the 
accuracy of fault location, the high-order differential equa‐
tion methods are designed in [20] and [21]. In addition, [22] 
investigates the location error introduced by the fault resis‐
tance and proposes an improved method with advantages in 
calculation convergence, accuracy of fault location, and over-
reach prevention capability under resistive faults.

However, the above-mentioned methods are proposed for 
the single homogeneous line. In the urban power system, the 
grid connection structure for RES is complex, some feeders 
consist of multiple overhead line (OHL) and underground ca‐
ble (UGC) sections. The inhomogeneity of mixed lines 

(which mean mixed OHL and UGC) introduces obvious cal‐
culation errors and can lead to incorrect operation of dis‐
tance protection, which relies on precise line parameters 
[23] - [25]. Especially for the time-domain distance protec‐
tion, the accuracy and reliability of the calculated fault dis‐
tance results need to be further investigated. Therefore, the 
engineering application of time-domain distance protection 
still faces challenges.

The focus of this paper is on the application of time-do‐
main distance protection for 35-110 kV renewable power 
transmission systems with mixed OHLs and UGCs. It inves‐
tigates the negative impact of inhomogeneous line parame‐
ters on time-domain distance protection, and proposes a ro‐
bust algorithm to improve the robustness of the protection 
when applied to complex grid-connected scenarios of RES.

This paper is organized as follows. Section II shows the 
practical challenges of time-domain distance protection for 
mixed lines. In Section III, the protection algorithm with 
high robustness and accuracy is proposed. Section IV shows 
the experimental test. Section V presents the conclusions.

II. PRACTICAL CHALLENGES OF TIME-DOMAIN DISTANCE 
PROTECTION FOR MIXED LINES 

A. Basic Principle

As illustrated in the renewable power transmission system 
of Fig. 2(a), when a single-phase-to-ground (SG) fault oc‐
curs, the differential equation for the measured voltage and 
current at node M can be expressed as:

uMφ =
é

ë
êêêêR1 (iMφ + 3iM0 KR )+ L1

d(iMφ + 3iM0 KL )

dt
ù

û
úúúú x + iMφRF »

pMφ x + 3iM0 R′F (1)

where the subscripts 0 and 1 denote the variables in zero-se‐
quence and positive-sequence, respectively; the subscript φ 
denotes the fault phase; x is the fault distance; RF is the fault 
resistance; R'F =RF /KF0, where KF0 is the zero-sequence shunt 
coefficient at the fault location; R and L are the resistance 
and inductance per unit length of the transmission line, re‐
spectively; uMφ is the voltage at node M; iMφ is the current in‐
jected into node M caused by SG fault; KR = (R0−R1 )/(3R1 ) 
and KL = (L0−L1 )/(3L1 ) are the zero-sequence compensation 
coefficients of the transmission line, respectively; and pMφ is 
the differential function of measured current at node M, i.e., 
pMφ =R1 (iMφ +KR3iM0 )+ L1d(iMφ +KL3iM0 )/dt.

The current injected into the node (fault point) is usually 
assumed to have the same phase angle as the zero-sequence 
current measured at the relay location [15] - [18]. Thus, the 
fault current can be written as iFφ » 3iM0/KF0. Thus, iFφRF can 
be replaced with 3iM0 R'F in (1) .

A set of differential equations can be constructed by sub‐
stituting continuously sampled voltages and currents into (1). 
By employing the least squares method (LSM), the overde‐
termined system can be solved as:

[ x̂ R̂'F]T = (I T
Mφ IMφ )-1 I T

MφUMφ (2)

where x̂ and R̂'F are the calculated fault distance and transi‐
tion resistance through LSM, respectively; and IMφ and UMφ 
are the current and voltage matrices formed by the sampled 
signals, respectively, which can be expressed as:
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Fig. 1.　Performance of distance protection under current frequency devia‐
tion (external fault on transmission line with integrated DFIG). (a) Mea‐
sured current. (b) Measured reactance.
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3iM0 (k1 ) 3iM0 (k2 )  3iM0 (kn )

T

UMφ =[uMφ (k1 ) uMφ (k2 )  uMφ (kn )]T

(3)

where ki is the number of each sampling point, i = 12n; n 
is the number of sampling points per unit time window, i.e., n =
Tw/Dt; Tw is the unit time window; Dt is the sampling interval 
time; and pMφ (ki ) = R1 (iMφ (ki ) + KR3iM0 (ki )) + L1 (iMφ (ki + 1 ) + 
3iM0 (ki + 1 )KL−iMφ (ki−1 ) −KL3iM0 (ki−1 ))/(2Dt)
 

.
In addition, the differential equation under phase-to-phase 

faults can be expressed as uMφφ = (R1iMφφ + L1diMφφ /dt)x + 
iFφφRF » (R1iMφφ + L1diMφφ /dt)x + iMφφ2 R'F, where iMφφ is the cur‐
rent injected into node M caused by phase-to-phase fault; 
iMφφ2 is the negative-sequence current, which is used to re‐
place the current injected into the fault point iFφφ to improve 
the calculation accuracy [22]. In this case, the simplified dif‐
ferential equation for phase-to-phase faults is similar in form 
to that for SG faults. However, the differential equation is 
only valid when the negative-sequence current is not sup‐
pressed by the RES. In the case of RES adopting a negative 
current suppression strategy, the differential equation can use 
the measured current of the faulted phase to replace iFφφ 
[17], i.e., uMφφ » (R1iMφφ + L1diMφφ /dt)x + iMφR'F.

The time-domain distance protection enables fast calcula‐

tion of fault distance based on several sampling points. How‐
ever, for engineering applications, it still presents certain 
challenges regarding the accuracy and robustness of the algo‐
rithm, especially for mixed lines. Thus, we denote (2) as the 
conventional algorithm.

B. Accuracy Analysis Under Inhomogeneous Line Parame‐
ters

The topologies of OHL and UGC are shown in Fig. 2(b) 
and (c), respectively. Because the spacing between the cable 
conductors is relatively closer, both the impedance magni‐
tude and the impedance angle of the UGC are smaller in 
comparison with those of the OHL. Thus, the impedance per 
unit length differs significantly between the OHL and UGC 
sections of the mixed line. Therefore, for faults occurring at 
different locations on the mixed line, the actual unit imped‐
ance from the relay to the fault location is uncertain. In this 
paper, the actual unit impedance is denoted by Z1 = |Z1|Ðθ1 =
R1 + jωL1, where θ1 is the positive-sequence impedance an‐
gle of the transmission line; and ω is the fundamental angu‐
lar frequency (ω = 2πf and f = 50 Hz). Meanwhile, the unit im‐
pedance in the distance relay is set based on the average im‐
pedance of the entire mixed line, which can be expressed as 
Z *

1 = |Z *
1 |Ðθ *

1 =R*
1 + jωL*

1, where superscript * denotes the aver‐
age value of the line parameter (such as impedance) for the en‐
tire mixed line. The inequality between Z *

1  and Z1 affects the 
location accuracy of the distance relay, which is analyzed as 
follows.

By taking the metallic SG fault as an example, the mea‐
sured current compensated by the zero-sequence current is 
denoted as iMφz. Its time-domain function can be expressed 
as iMφz = |İMφz| sin(ωt), where İMφz is the fundamental-frequen‐
cy current phasor, whose phase angle is taken as the refer‐
ence angle. The zero-sequence measured current is expressed 
as iM0 = |İM0| sin(ωt + θM0 ), where θM0 is the phase angle of 
İM0. Based on (1), the measured voltage can be expressed as 
uMφ = pMφ x = x|Z1||İMφz| sin(ωt + θ1 ). It is worth noting that the 
differential function pMφ is determined based on Z1. In addi‐
tion, based on Z *

1  set in the distance relay, the differential 
function used for the LSM calculation is p*

Mφ = |Z *
1 ||İMφz|·

sin(ωt + θ *
1 ). By substituting the time-domain functions of 

uMφ, p*
Mφ, and iM0, the discretized (2) is expanded as (4). The 

derivation of (4) is based on trigonometric transformations 
and the substitution of integration for data summation. It 
should be noted that RF is assumed to be 0 to analyze the ef‐
fect of the inhomogeneous line parameters.

x̂ = (I T
Mφ IMφ )-1 I T

MφUMφ|ϕ =
∑

t = k1Dt

knDt

uMφ (ki )p*
Mφ (ki ) ∑

t = k1Dt

knDt

(3iM0 (ki ))
2 - ∑

t = k1Dt

knDt

3iM0 (ki )uMφ (ki ) ∑
t = k1Dt

knDt

3iM0 (ki )p*
Mφ (ki )

∑
t = k1Dt

knDt

(p*
Mφ (ki ))

2 ∑
t = k1Dt

knDt

(3iM0 (ki ))
2 - ( )∑

t = k1Dt

knDt

3iM0 (ki )p*
Mφ (ki )

2
=

x
|Z1|

|Z *
1 |

∑
t = k1Dt

knDt

sin(ωt + θ1 )sin(ωt + θ *
1 ) ∑

t = k1Dt

knDt

sin2 (ωt + θM0 ) - ∑
t = k1Dt

knDt

sin(ωt + θM0 )sin(ωt + θ1 ) ∑
t = k1Dt

knDt

sin(ωt + θM0 )sin(ωt + θ *
1 )

∑
t = k1Dt

knDt

sin2 (ωt + θ *
1 ) ∑

t = k1Dt

knDt

sin2 (ωt + θM0 ) - ( )∑
t = k1Dt

knDt

sin(ωt + θM0 )sin(ωt + θ *
1 )

2
=

x
|Z1|

|Z *
1 |

sin(θ1 - θM0 )

sin(θ *
1 - θM0 )

= x
|Z1|

|Z *
1 |

(cos(θ1 - θ
*
1 )+ sin(θ1 - θ

*
1 )cot(θ *

1 - θM0 ))» x cos(θ1 - θ
*
1 )

|Z1|

|Z *
1 |

(4)
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Fig. 2.　Schematic diagram of mixed OHLs and UGCs. (a) Renewable pow‐
er transmission system. (b) Topology of OHL. (c) Topology of UGC.
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where ∑
ki = k1

kn

(·) denotes the summation of the data within k1 to 

kn; and ϕ is the first row of UMφ.
According to (4), the calculated fault distance through 

LSM x̂ deviates from the actual fault distance x. For the 
mixed line, since the angle difference between Z1 and Z *

1  is 
generally not more than 10°, cos(θ1−θ *

1 ) is much larger than 
sin(θ1−θ *

1 )cot(θ *
1−θM0 ), and the latter can be ignored. As a re‐

sult, the accuracy of fault location is mainly affected by the 
magnitude and angle differences between Z1 and Z *

1 . Firstly, 
the angle difference θ1−θ *

1 always reduces x̂, which can lead 
to incorrect tripping of the protection under external faults. 
When θ1 and θ *

1 are close, the ratio of |Z1|/|Z
*
1 | determines 

whether x̂ is larger or smaller than x. For example, for the re‐
lay at node M shown in Fig. 2(a), if the fault occurs at 
OHL, |Z1ohl|/|Z

*
1 | is greater than 1, where the subscript ohl 

represents the parameter of OHL. The calculated fault dis‐
tance is enlarged, which may cause the protection to refuse 
to trip. If the relay is installed at node N, when the fault oc‐

curs at UGC, the calculated fault distance is reduced because 
|Z1ugc|/|Z

*
1 | is less than 1, where the subscript ugc represents 

the parameter of UGC.
Therefore, the inhomogeneity of line parameters reduces 

the accuracy of fault location, which possibly leads to the 
over- or under-reach problem.

C. “0/0” Problem Caused by Weak Signals

For 3-phase faults, all SG relays and phase-to-phase re‐
lays are activated to locate the fault. In this case, the second 
column of the current matrix IMφ (i. e., iM0 for SG relays or 
iMφφ2 for phase-to-phase relays) is numerically close to 0. 
However, in practice, iM0 or iMφφ2 under 3-phase faults is a ir‐
regular and weak signal caused by noise or other disturbanc‐
es, which negatively affects the performance of LSM calcula‐
tion. By taking the SG relay as an example, the zero-se‐
quence current can be written as 3iM0 = ε(t), where ε(t) is a 
random signal with infinitesimal amplitude at time t. Under 
the influence of inhomogeneous line parameters, the dis‐
cretized (2) can be expanded as:
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x̂ = (I T
Mφ IMφ )-1 I T

MφUMφ|ϕ =
x|Z1|

|Z *
1 |

∑
t = k1Dt

knDt

sin(ωt + θ1 )sin(ωt + θ *
1 ) ∑

t = k1Dt

knDt

ε2 (t) - ∑
t = k1Dt

knDt

ε(t)sin(ωt + θ1 ) ∑
t = k1Dt

knDt

ε(t)sin(ωt + θ *
1 )

∑
t = k1Dt

knDt

ε(t)sin(ωt + θ *
1 ) ∑

t = k1Dt

knDt

ε2 (t) - ( )∑
t = k1Dt

knDt

ε(t)sin(ωt + θ *
1 )

2

R̂'F = (I T
Mφ IMφ )-1 I T

MφUMφ|ϕ' = x|Z1||İMφ|

∑
t = k1Dt

knDt

ε(t)sin(ωt + θ1 ) ∑
t = k1Dt

knDt

sin2 (ωt + θ *
1 ) - ∑

t = k1Dt

knDt

sin(ωt + θ1 )sin(ωt + θ *
1 ) ∑

t = k1Dt

knDt

ε(t)sin(ωt + θ *
1 )

∑
t = k1Dt

knDt

ε(t)sin(ωt + θ *
1 ) ∑

t = k1Dt

knDt

ε2 (t) - ( )∑
t = k1Dt

knDt

ε(t)sin(ωt + θ *
1 )

2

(5)

where ϕ' is the second row of UMφ.
As shown in (5), the numerator and denominator of the 

fractional term in the expression of x̂ are both close to infini‐
tesimals. If the angles of Z1 and Z *

1  are the same (namely, 
θ1 = θ

*
1), the numerator and denominator are equal infinitesi‐

mals, and x̂ = x|Z1|/|Z
*
1 |. Otherwise, the numerator and denom‐

inator are unequal infinitesimals, and their values can vary 
with time because ε(t) is a random signal. In this case, the 
calculated values of x̂ cannot converge and can become outli‐
ers that deviate far from the actual fault distance. In addi‐
tion, for the calculated fault resistance R̂'F, it equals to 0 
when θ1 = θ

*
1 (for metallic 3-phase faults). However, when 

θ1 ¹ θ
*
1, the magnitude of the numerator (proportional to ε(t)) 

is much larger than the magnitude of the denominator (pro‐
portional to ε2 (t)), which results in a huge calculation error 
in R̂'F.

As a result, when the zero-sequence or the negative-se‐
quence current is a weak signal, the mismatched impedance 
angles can cause the calculation results to be no longer con‐
vergent and rational. For internal 3-phase faults at the mixed 
line, θ1 is always not equal to θ *

1, and the calculation outliers 
can significantly reduce the operational reliability of the pro‐
tection. In addition, when a 3-phase fault occurs outside the 
protected line, θ1 is usually not equal to θ *

1. The unreliable 
calculated fault distance may enter the action zone and cause 
the protection to trip incorrectly. Even in the case of normal 

power system operation, the “0/0” problem can lead to an er‐
roneous tripping once the protection is activated by any dis‐
turbance. To avoid these problems, a fault resistance thresh‐
old can be used to block the relay. However, for internal 3-
phase faults at the mixed lines, and in addition to the calcu‐
lation outliers for x̂, the calculated value of R̂'F can easily ex‐
ceed thousands of ohms above the resistance threshold. In 
this case, the distance relay has a high probability of being 
blocked and refusing to trip. Therefore, the robustness of the 
conventional algorithm is extremely poor.

In conclusion, for time-domain distance protection, the ac‐
curacy of the calculated fault distance and the reliability of 
the conventional algorithm can be seriously affected by the 
inhomogeneous line parameters.

III. PROTECTION ALGORITHM WITH HIGH 
ROBUSTNESS AND ACCURACY 

A. Singular Value Decomposition-based LSM (SVD-LSM)

In this paper, the SVD-LSM is utilized to solve the sys‐
tem with differential equations. The SVD-LSM is immune to 
invalid signals and noise, thus avoiding the “0/0” problem 
caused by weak signals. Figure 3 shows the calculation steps 
of SVD-LSM for the SG relay, where D is an n ´ 2 matrix; 
S is a 2 ´ 2 diagonal matrix with non-negative diagonal en‐
tries; V is a 2 ´ 2 orthogonal matrix; d1 and d2 are the col‐
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umns of D; v1 and v2 are the columns of V; and σ1 and σ2 
are the diagonal entries of S, which are the singular values 
of IMφ.

First, the n ´ 2 current matrix IMφ is decomposed by SVD, 
i.e., IMφ =DSV T. In the next step, the singular values smaller 
than the set tolerance TOL can be considered as 0. Note that 
TOL can be set according to the minimum precision of the 
protection algorithm. In this paper, the singular values are 
float-type variables with 6 to 7 significant digits after the 
decimal point, so TOL can be set as 10−3-10−4.

When an asymmetrical ground fault occurs, the differen‐

tial function pMφ and the zero-sequence current iM0 are both 
signals with a certain amplitude. In this situation, both the 
singular values σ1 and σ2 of IMφ are greater than TOL, and 
the fault distance is calculated by SVD-LSM as:

[ x̂ R̂'F]T =VS-1 DTUMφ (6)

The calculation of (6) is equivalent to the conventional al‐
gorithm based on LSM. Thus, according to (4), x̂ approxi‐
mately equals to γx, where γ = cos(θ1−θ *

1 )|Z1|/|Z
*
1 |.

In particular, when a 3-phase fault occurs, iM0 is a weak 
signal. Thus, the magnitude of σ2 is close to infinitesimal. In 
this case, the matrices D and V retain only the first columns 
d1 and v1. Thus, the fault distance is calculated as:

[ x̂ R̂'F]T = v1σ
-1
1 d T

1 UMφ (7)

In addition, (7) is equivalent to omitting the second col‐
umn of IMφ, so the discretized (7) can be further expanded as 
(8). For the first term γx in (8), it is a fixed value and is 
equal to the calculated fault distance under SG faults. As for 
the second term, it is a periodical time-varying error with a 
period of T/2, where T is the period of fundamental frequen‐
cy signals (T = 20 ms). Although the calculated fault distanc‐
es through SVD-LSM are no longer outliers, the mismatch 
between θ1 and θ *

1 still leads to a time-varying error in x̂, un‐
less Tw =mT/2, where m can be any positive interger. The ap‐
propriate minimum value of Tw is 10 ms, which allows x̂ to 
converge to the fixed distance γx under 3-phase faults. How‐
ever, the long time window limits the protection operation 
speed under SG faults. In such cases, no matter how long Tw 
is, x̂ is able to converge to γx. Therefore, in order to realize 
the fast fault identification during the RES transient stage, it 
is necessary to overcome the non-convergence problem of 
the short time window calculation. Moreover, compared with 
the LSM as (2), the SVD-LSM in (6) and (7) simplifies the 
computation, thereby improving the program efficiency.

x̂ =
∑
ki = k1

kn
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∑
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=
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1 |

∑
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1 )

∑
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knDt
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1 )

=
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1 |

sin(ωTw )sin(θ1−θ *
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1 )

sin(ωTw )cos(2ωt -ωTw + 2θ *
1 )-ωTw

periodic  time - varying  error  of  x̂

   (8)

B. Weighting Method Based on Euclidean Norm

To enhance the convergence of the protection algorithm, 
the calculated fault distances through SVD-LSM are as‐
signed weights to indicate their confidence level. By substi‐
tuting x̂ and R̂'F back into (1), the weight w can be defined as:

w =
1
E
=

1

||UMφ - IMφ [ x̂ R̂'F]T||
(9)

where E is the Euclidean norm of the difference between 
UMφ and IMφ[x̂R̂'F ]T. 

The smaller E is, the better x̂ and R̂'F satisfy (1). Thus, x̂ 
with large weight is relatively more convincing. Accord‐
ingly, the calculated fault distance can be continuously 
weighted based on the latest x̂ and the corresponding w, i.e.,

xe (ki )=
we (ki - 1 )xe (ki - 1 )+wx̂

we (ki - 1 )+w (10)

where xe is the weighted distance and its own weight is de‐
noted by we. After the protection is activated, xe is continu‐
ously updated for every SVD-LSM calculation. In addition, 
we is also updated according to we (ki )=we (ki−1)+w.

According to (8), the SVD-LSM calculation results of x̂ 
under 3-phase faults are shown in Fig. 4. The adopted  time 
windows are set as 1, 5, and 10 ms, respectively. Further‐
more, according (10), the weighted distance xe for x̂ with 
Tw = 1 ms is shown as the red line in Fig. 4(a). Note that 
Fig. 4(a) displays the relative values of the calculated fault 
distance x̂ to the actual fault distance x.

Obviously, the SVD-LSM calculation results are no longer 
irregular outliers under the 3-phase faults, but x̂ still fails to 
converge due to the periodic fluctuations. Even if the differ‐
ence between θ1 and θ *

1 is only 5° , the fluctuation can ex‐
ceed 40% of the actual fault distance x. 
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Fig. 3.　Calculation steps of SVD-LSM for SG relay.
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Of course, as Tw increases, the fluctuation gradually de‐
creases, which allows x̂ to tend to converge. In particular, 
when Tw = 10 ms, x̂ can fully converge to 0.996x (γ = cos(θ1−
θ *

1 )|Z1|/|Z
*
1 | = 99.6% in this case). However, the SVD-LSM 

obtains the first x̂ within 10 ms after the fault occurrence. As 
for x̂ with Tw = 1 ms, its confidence level is evaluated by the 
weight defined in (9), as shown in Fig. 4(b). The weight is 
relatively large when x̂ is close to 0.996x, while it is small 
for the x̂ with a large fluctuation. Based on this, the weight‐
ed distance xe can also converge to 0.996x in about 10 ms. 
Therefore, the proposed weighting method breaks the limita‐
tion of the time window under 3-phase faults, and can ob‐
tain convergent fault distances after a period of weighting. 
For asymmetrical faults, the proposed weighting method can 
retain the advantages of the short time window and quickly 
obtain reliable fault distances.

C. Distance Correction Method for Mixed Lines

According to the above analysis, the weighted distance xe 
can converge to γx under both SG faults and 3-phase faults. 
However, the inhomogeneous line parameters still cause xe 
to differ from the actual fault distance, especially for lines 
with mixed OHLs and UGCs. To obtain the exact fault loca‐
tion, the calculated fault distance can be corrected according 
to the specific parameters of different sections of the mixed 
line. By using the distance relay on M-side (at node M) as 
an example, as shown in Fig. 2(a), the weighted distance xe 
needs to be corrected as:

xm =

ì

í

î

ï

ï
ïï
ï

ï

ï

ï
ïï
ï

ï

xe

γohl

                            0 < xe £ γohllohl

lohl +
xe - γohllohl

γugc

    γohllohl < xe < lMN

xe                                xe £ 0 xe ³ lMN

(11)

where xm is the corrected weighted distance used for fault 

identification; lMN = lohl + lugc is the total length of the mixed 
line; and γohl and γugc are the correction coefficients for the 
OHL and UGC, respectively. The correction coefficients can 
be determined by:

ì

í

î

ï
ïï
ï

ï
ïï
ï
ï
ï

γohl = cos(θ1ohl - θ
*
1 )

|Z1ohl|

|Z *
1 |

γugc = cos(θ1ugc - θ
*
1 )

|Z1ugc|

|Z *
1 |

(12)

Furthermore, for mixed lines consisting of multiple seg‐
ments of OHL and UGC, the idea of correcting xe, as in 
(11), increases the implementation steps and the complexity 
of the protection algorithm. Therefore, an alternative ap‐
proach for time-domain distance protection of mixed lines is 
to adjust the distance threshold to ensure an accurate protec‐
tion range. Still using the distance relay on M-side in Fig. 2
(a) as an example, the protection area of the mixed line is 
set as xset = krellMN, where xset is the distance threshold; and 
krel is the reliability coefficient, which is usually taken as 
70%-90%. To ensure that the protection can work accurately, 
the distance threshold can be corrected as:

x*
set = γohllohl + ( )krel -

lohl

lMN

γugclugc (13)

where x*
set is the corrected distance threshold for mixed lines.

D. Protection Algorithm

By combining the above-mentioned methods, the flow 
chart of the protection algorithm is illustrated in Fig. 5. The 
following are the implementation steps.

Step 1: initialize the distance relay when the protection is 
started. The initial value of weighted distance xe is set to be 
999 km, and its own weight we is set to be 0.

Step 2: read the sampling data of measured voltage and 
current, calculate the differential function of the sampled cur‐
rent, and form the matrices as (3).

Step 3: perform a singular value decomposition of the cur‐
rent matrix IMφ, and calculate x̂ and R̂'F according to (6) or 
(7) based on the obtained singular values.

Step 4: first, assign a weight w to the calculated fault dis‐
tance x̂ based on the Euclidean norm of UMφ - IMφ [x̂R̂'F ]. Then, 
update the weighted distance as xe (ki )= (we (ki - 1 )xe (ki - 1 )+
wx̂)/(we (ki - 1 )+w). Finally, update weight of xe as xe (ki )=
we (ki - 1 )+w.

Step 5: judge whether xe is convergent. It is essential to as‐
sess the convergence of the weighted distance to guarantee 
the operation reliability of the protection. For example, if the 
difference in weighted distances is less than 0.1 km within 3 
ms, the weighted distance is considered convergent and pro‐
ceed to Step 6, otherwise return to Step 2.

Step 6: correct the weighted distance according to (11). 
Step 7: if xm is within the range of (−1xset ), go to Step 8; 

otherwise the fault is recognized as an external fault. The 
lower limit can be set as −1 to avoid the dead zone under 
near-end internal faults.

Step 8: in order to avoid incorrect tripping under near-end 
backward faults, a fault directional criterion is required. In 
this paper, a backward fault blocking criterion is proposed 
for RES-side protection. 
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The protection is blocked when the power factor angle φp 
(the angle difference between the measured voltage and cur‐
rent) remains stable in the reverse power zone. If φp is in 
the range of 105°-345° and changes less than 3° in the last 3 
ms, the fault direction is detected as backward and the pro‐
tection is blocked, otherwise the protection normally sends 
the trip signal. In addition, when the measured voltage is 
less than 0.1UN (UN is the rated voltage), the memory volt‐
age should be used to obtain the power factor angle.

The backward fault blocking criterion is further explained 
as follows. For RES-side protection, when the fault direction 
is forward, the short-circuit current is supplied by the RES. 
In this case, the measured φp can fluctuate significantly 
throughout the fault transient period (tens of milliseconds). 
In addition, φp is affected by the low voltage ride-through 
(LVRT) strategy of the RES. The fault direction cannot be 
accurately and reliably identified from φp. However, when 
the fault direction is backward, the short-circuit current is 

supplied by the grid, and the measured φp remains stable in 
the reverse power zone. Therefore, the protection algorithm 
proposed in this paper, which is the combination of the SVD-
LSM, the weighting method, and the distance correction 
method, can reliably block the distance protection under 
near-end backward faults.

In summary, by introducing SVD-LSM, the protection al‐
gorithm avoids the calculation outliers caused by the “0/0” 
problem. The weighting method solves the problem of com‐
putational non-convergence when adopting a short time win‐
dow, thus maintaining the fast operation of the protection. 
As a result, the robustness of the protection is greatly en‐
hanced. Therefore, the protection algorithm proposed in this 
paper is referred to as the robust algorithm, and it is abbrevi‐
ated as the proposed algorithm in the following. In addition, 
the distance correction method improves the accuracy of 
fault location, thus overcoming the possible over- or under-
reach of the protection on mixed lines.

IV. EXPERIMENTAL TEST 

A. Experimental Test Platform

Based on the hardware platform in [22], the proposed al‐
gorithm is implemented in a prototype of the protection de‐
vice. The real-time digital simulator (RTDS) platform is 
used to conduct hardware-in-the-loop (HIL) tests for the pro‐
totype of the protection device. The physical layout of the 
experimental test platform is illustrated in Fig. 6. In the 
RTDS platform, a detailed model of the renewable power 
transmission system with mixed lines is built, the topology 
of the simulation model is shown in Fig. 7. The relevant pa‐
rameters are shown in Supplementary Material A Table SAI.

B. Performance of Prototype of Protection Device

1)　Asymmetrical Faults
The length of both OHL and UGC sections of the mixed 

line is 15 km. Thus, the distance threshold is set to be xset =
0.8lMN = 24 km. The unit time window is set to be Tw = 2.5 
ms, indicating that 10 sampling points (at a sampling rate of 
4 kHz) are required in an SVD-LSM to construct the matri‐
ces shown in (3). To verify the accuracy of fault location of 
the proposed algorithm under inhomogeneous line parame‐
ters, two AG faults are set at f3 (x = 23.4 km, internal fault) 
and f4 (x = 24.6 km, external fault), respectively. In addition, 
the fault instant is set to be 50 ms. During the fault period, 
the inverter of the DFIG controls the output positive-se‐
quence current according to the fault LVRT strategy, i. e., 
DI1 =K1 (0.9−U1 )IN, where DI1 is the increase in the output 
positive-sequence reactive current of the DFIG; IN is the rat‐
ed current; K1 is the proportional coefficient; and U1 is the 
voltage at the point of common coupling (PCC). It is worth 
noting that the negative-sequence current suppression strate‐
gy is not adopted in the DFIG. The recorded data under two 
AG faults are shown in Figs. 8 and 9, respectively, where tOP 
is the protection operation time, which is from the time 
when the fault occurs to that the trip signal is received by 
the RTDS platform. For comparison, the calculated fault dis‐
tance through conventional algorithm in (2) is also shown.
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Fig. 5.　Flow chart of protection algorithm.
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As shown in Figs. 8 and 9, the calculated fault distances 
through conventional algorithm are about 25.2 km (fault at 
f3) and 26.1 km (fault at f4), which are both larger than the 
actual fault distances. This is because the unit impedance 

from node M to the fault location is greater than the average 
impedance of the mixed line. The mismatched impedance 
causes the conventional algorithm to refuse to trip under the 
internal fault at f3. Differently, based on the distance correc‐

(a) (b) 
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Fig. 6.　Physical layout of experimental test system. (a) Physical diagram. (b) Connection diagram.
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tion method, the calculated fault distances through the pro‐
posed algorithm are about 23.5 km (fault at f3) and 24.7 km 
(fault at f4), which are much closer to the actual fault dis‐
tances. The accurate results ensure that the prototype of the 
protection device operates correctly even under faults near xset, 
and avoids over- or under-reach under the effect of inhomoge‐
neous line parameters. Therefore, the proposed algorithm has 
better accuracy and selectivity of fault location under asym‐
metrical faults compared with the conventional algorithm.

It should be pointed out that in the presence of uncon‐
trolled zero-sequence current, the controlled positive-se‐
quence current has less effect on the fault characteristics. As 
can be observed from Figs. 8 and 9, the measured currents 
of phase A are mainly characterized by the zero-sequence 
currents. In this situation, the prototype of the protection de‐
vice is basically unaffected by the LVRT strategy of the 
DFIG. However, the limited amplitude of the RES-side short-
circuit current still amplifies the impact of the fault resis‐
tance, so the protection capability against fault resistance is 
further tested and analyzed in Section IV-C.
2)　3-phase Faults

To test the robustness of the protection, 3-phase faults are 
set at f2 (end of OHL, x = 15 km) and f5 (220 kV busbar of 
the terminal substation, which is connected to the external 
power grid), respectively. When the severe 3-phase fault oc‐
curs, the crowbar is immediately engaged, and the short-cir‐
cuit current of DFIG can contain an obvious transient com‐
ponent of non-fundamental frequency [22]. The recorded da‐
ta under two faults are given in Figs. 10 and 11. For compar‐
ison, the calculated fault distance and resistance through the 
conventional algorithm in (2) are also shown.

As shown in Figs. 10 and 11, the calculated fault distanc‐
es through the conventional algorithm are non-convergent 
outliers for both faults at f2 on the mixed line and at f5 out‐
side the mixed line. This is because the zero-sequence cur‐
rent is an irregular infinitesimal signal under these two 
faults, and the actual impedance angle is not the same as the 
impedance angle set in the relay, resulting in one infinitesi‐
mal being divided by another different infinitesimal during 
the calculation. In addition, the calculated fault resistances 
may reach several kΩ to tens of kΩ, which is far from the 
actual fault resistance. In such cases, it is difficult to guaran‐
tee that the conventional algorithm can reliably trip under in‐
ternal fault at f2 and remain non-tripping under external fault 
at f5. In contrast, the calculated fault distance through the 
proposed algorithm converges to 15 km within 10 ms so that 
the protection is able to trip reliably and quickly under fault 
at f2. Under fault at f5, the proposed algorithm also obtains a 
convergent fault location result, which ensures that the pro‐
tection does not trip. Therefore, the proposed algorithm elim‐
inates the “0/0” problem caused by weak signals and has 
better robustness when applied to mixed lines.

In addition, as can be observed from Figs. 10 and 11, the 
frequencies of the measured currents are about 65 Hz. De‐
spite the significant change in the frequency characteristic, 
the proposed algorithm can still obtain convergent and stable 
distance results during the transient stage of the DFIG. This 
is because the differential equations in the proposed algo‐
rithm are valid for currents of any frequency.

Furthermore, to demonstrate the respective roles of SVD-
LSM, the weighting method, and the distance correction 
method, Fig. 12 shows the calculated fault distance through 
different methods under the 3-phase fault at f2.

Obviously, compared with LSM, SVD-LSM eliminates the 
irregular outliers, but its calculated fault distances still fluctu‐
ate periodically, and the fluctuation is related to the time 
window. When Tw = 2.5 ms, the calculated fault distance fluc‐
tuates drastically with a range over 4 km. When Tw = 5 ms, 
the calculated fault distance still fluctuates. It is only when 
Tw = 10 ms that the calculated fault distance converges to 
about 19 km at 15 ms after the fault. In contrast, even with 
a 2.5 ms time window, the weighting method can make the 
weighted distance converge to about 19 km at 10 ms after 
the fault. Therefore, the weighting method greatly improves 
the convergence of the proposed algorithm while maintain‐
ing the fast operation speed of the protection. Finally, the 
distance correction method can correct the obtained distance 
to about 15 km, which ensures the accuracy of fault location 
under the effect of inhomogeneous line parameters.
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3)　Near-end Faults
To verify the protection performance under near-end 

faults, 3-phase faults are set at f1 (start of OHL, x = 0) and f6 
(backward fault), respectively. The recorded data of two 
faults are shown in Figs. SA1 and SA2 in Supplementary 
Material A, where the calculated fault distances for two near-

end faults are both close to zero, regardless of whether the 
fault direction is forward or backward. If a protection range 
of (0xset) is adopted, there could be a dead zone. In addition, 
the measured power factor angle fluctuates significantly for 
the fault at f1 under the influence of RESs, while it quickly 
converges to a stable value (261° , in the reverse power 
zone) for the fault at f6. Therefore, by selecting the protec‐
tion range as (−1xset) and adopting the backward fault block‐
ing criterion, the protection can trip quickly for the internal 
fault at f1 and be reliably blocked for the backward fault at f6.
4)　Different Fault Conditions

In this part, the faults under different fault conditions are 
set to test the protection performance. The experiment is re‐
peated five times under each fault condition, and the record‐
ed data are shown in Table I. It is worth noting that the trip‐
ping relay operation time in Table I is about 6-8 ms.

For the faults at f1-f4 on the mixed line, the calculated 
fault distances are close to the actual fault distances. The 
maximum errors is less than 0.5 km under asymmetrical 
faults and less than 0.8 km under 3-phase faults, respective‐
ly. Therefore, the prototype of the protection device can trip 
accurately and reliably under internal faults at f1-f3, indepen‐
dent of mixed OHL and UGC. For AG, AB, and ABG faults, 
the protection operation time is 13-20 ms. This implies that 
the proposed algorithm is able to recognize internal asym‐
metrical faults in about 7-14 ms (excluding the operation 

TABLE I
RECORDED DATA UNDER DIFFERENT FAULT CONDITIONS

Internal/exter‐
nal fault

Internal fault

External fault

Fault location

f1 (0)

f2 (15 km)

f3 (23.4 km)

f4 (24.6 km)

f5 (220 kV 
busbar)

f6 (backward 
fault)

Fault type

AG

AB

ABG

ABC

AG

AB

ABG

ABC

AG

AB

ABG

ABC

AG

AB

ABG

ABC

AG

AB

ABG

ABC

AG

AB

ABG

ABC

xm (km)

0.0-0.1

0.0-0.2

0.0-0.3

−0.1-0.4

14.6-15.0

14.6-15.0

14.6-15.0
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Fig. 11.　Recorded data of 3-phase fault at f5 (220 kV busbar).
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time of the tripping relay). Even under the 3-phase faults at 
f3 (which is near the end of the protection zone), the pro‐
posed algorithm is still able to detect the internal 3-phase 
fault within 17 ms (top is less than 23 ms). In addition, under 
the external faults at f4 and f5, the calculated fault distances 
are outside the action zone (−1xset ). Under the backward 
faults at f6, although the calculated fault distances are within 
the action zone (−1xset ), the backward fault blocking criteri‐
on can reliably block the protection. Thus, the prototype of 
the protection device can be reliably prevented from tripping 
under external faults, which confirms the selectivity of the 
protection.

When the fault occurs at f5 (the fault type is AB or ABG), 
the protection usually obtains the phase-to-phase fault dis‐
tance according to the differential equation uMφφ = (R1iMφφ +
L1diMφφ /dt)x. Since the fault impedance includes the imped‐
ance of the mixed line and the substation main transformer, 
the calculated fault distance is the equivalent distance from 
node M to the 220 kV busbar, i. e., xm » (Z *

1 lMN + ZT1 )/Z *
1 , 

where ZT1 is the impedance of the substation main transform‐
er. Under the 3-phase fault, regardless of whether the pro‐
posed algorithm obtains the phase-to-phase fault distance ac‐
cording to uMφφ = (R1iMφφ + L1diMφφ /dt)x or the phase-to-
ground fault distance according to uMφ = (R1iMφ + L1diMφ /dt)x 
(the zero-sequence current is approximately 0), the calculat‐
ed fault distance can still be expressed as xm » (Z *

1 lMN +
ZT1 )/Z *

1 . Differently, when the AG fault occurs, the proposed 
algorithm obtains the phase-to-ground fault distance based 
on the differential equation uMφ =[R1 (iMφ +KR3iM0 )+ L1d(iMφ +
KL3iM0 )/dt]x, where the measured current needs to be com‐
pensated by iM0. However, the zero-sequence compensation 
coefficients KR and KL are determined by the sequence im‐
pedances of the mixed line, and do not match the relation‐
ship between the sequence impedances of the substation 
main transformer. Due to the errors in the zero-sequence 
compensation coefficients, the calculated fault distance is no 
longer the equivalent distance from node M to 220 kV bus‐
bar, i. e., xm ¹ (Z *

1 lMN + ZT1 )/Z *
1 . Therefore, there is a differ‐

ence in xm between the AG fault and other fault types.

C. Other Impact Factors

1)　Impact of Fault Resistance
To test the protection capability against the fault resis‐

tance, AG faults are set at f2 (x = 15 km) with various fault 
resistances (5-25 Ω). Figure 13 shows the calculated fault 
distances under AG faults at f2 with various fault resistances.

The increase in the error of calculated fault distance is 
roughly proportional to the increase in fault resistance. How‐
ever, even with a fault resistance of up to 25 Ω, the protec‐
tion can still obtain a fault distance result within the action 
zone (−1xset). Therefore, when internal faults occur on the 
short-distance line, the protection is capable of withstanding 
the maximum fault resistance of approximately 25 Ω. In ad‐
dition, we analyze the error of calculated fault distance un‐
der the impact of the fault resistance in detail in [22]. 

A threshold selection method is designed to avoid possible 
over-reach under external resistive faults. The above con‐
tents are not discussed further in this paper.

2)　Impact of Noise
It is noteworthy that the weighting method also improves 

the stability of the proposed algorithm, especially under the 
impact of noise. For example, an AG fault is set at f2, and 
the white Gaussian noises are added to the sampled voltages 
and currents. The calculated fault distances through the pro‐
posed algorithm are shown in Fig. 14, where the signal-to-
noise ratios SNR are set to be 20 dB and 30 dB. Additional‐
ly, the results obtained by the conventional algorithm in (2) 
are also given for comparison.

Obviously, the calculated fault distance through the con‐
ventional algorithm cannot converge under the impact of 
noise. However, the calculated fault distance through the pro‐
posed algorithm converges to the actual fault distance (15 
km). This is because the weighting method evaluates the con‐
fidence level of each SVD-LSM result by the Euclidean 
norm, and the unreliable results that are highly affected by 
noise are weighted down. By continuously weighting, the 
weighted distance becomes more and more stable and reliable.
3)　Impact of Photovoltaic (PV)

The above tests are all performed in the renewable power 
transmission system based on DFIG, which is the partial-
scale inverter-based source. To verify the protection perfor‐
mance under the impact of full-scale inverter-based sources, 
a detailed model of a PV system is built in RTDS platform, 
as illustrated in Fig. SA3 in Supplementary Material A. Dur‐
ing the fault LVRT, the PV system supplies the positive-se‐
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quence reactive current and suppresses the negative-se‐
quence current. The corresponding parameters of the PV sys‐
tem are shown in Supplementary Material A Table SAII, and 
the other parameters of the model are the same as those in 
Supplementary Material A Table SAI. In addition, consider‐
ing the suppression strategy for negative-sequence current, 
the differential equation for phase-to-phase faults is adopted as 
uMφφ = (R1iMφφ + L1diMφφ /dt)x + iMφR'F, where the measured cur‐
rent of the faulted phase is used to replace the fault current iFφφ.

As shown in Supplementary Material A Fig. SA3, the 
faults under various conditions are set at f1-f6. The experi‐
ment is also repeated five times under each fault condition, 
and the recorded data are shown in Table II. And the typical 
recorded data of 3-phase fault at f2 are shown in Supplemen‐
tary Material A Fig. SA4. According to the test results, even 
under the impact of PV, the protection can still accurately 
recognize internal faults at f1-f3 and external faults at f4-f6, 
and quickly operate to trip for internal faults within 20 ms.

D. Application in Industrial Power System

According to the relevant standards [26] - [28], the proto‐
type of the protection device successfully passed the third-
party testing. The test items include three categories: electri‐
cal performance and safety test, electromagnetic compatibili‐
ty test, and dynamic test. Specifically, the dynamic test is 
performed on the RTplus platform. In the digital simulation 
model of RTplus platform, the protected transmission line is 

connected to a PV system to test the protection performance 
under the influence of RESs. The detailed dynamic test 
items include internal and external faults, developing and 
transferring faults, potential transformer (PT)/current trans‐
former (CT) disconnections, internal/external faults under 
system frequency deviations, etc. It is verified that the proto‐
type of the protection device can correctly trip within 25 ms 
under internal faults, while it can reliably remain inactive un‐
der external faults and other situations. The above tests 
prove that the prototype of the protection device meets the 
requirements of industrial applications.

The prototype of protection device has been applied at the 
110 kV Fengtai wind farm and the 35 kV Dashentang wind 
farm, Tianjin, China, as shown in Fig. 15. The prototype of 
protection device is used as fast protection for the grid-con‐
nected lines, both of which consist of several OHLs or 
UGCs with inhomogeneous line parameters. Since it is put 
into trial operation, no faults have occurred, and the proto‐
type of the protection device has never erroneously sent 
alarm reports or trip signals. Overall, the applied prototype 
of the protection device can accurately and reliably isolate 
the internal faults of the renewable power transmission sys‐
tem within 25 ms, even under severe RES transient fault re‐
sponse. On this basis, the delay time of the frequency and 
voltage protection of the wind farm can be extended, thus 
avoiding frequent grid disconnection in the case of external 
faults or any disturbances. Therefore, the prototype of the 
protection device can greatly improve the power supply reli‐
ability and operational stability of the power system with 
large-scale RESs.

V. CONCLUSION 

This paper investigates a robust algorithm of time-domain 
distance protection for renewable power transmission system 
with mixed lines. According to the mathematical analysis, 
the inhomogeneity of OHL and UGC not only causes fault 
location errors, but also generates calculation outliers due to 
“0/0” problem under weak signals. The SVD-LSM is adopt‐
ed to solve the differential equations, which eliminates the 
outliers and improves the reliability of the protection algo‐
rithm. Furthermore, a weighting method based on the Euclid‐
ean norm is designed to improve computational conver‐
gence. Thus, the calculated fault distance is capable of con‐
verging to a stable value under 3-phase faults, even by using 
a short time window. In addition, for the location error 

TABLE II
PROTECTION PERFORMANCE UNDER DIFFERENT CONDITIONS IN PV SYSTEM

Internal/exter‐
nal fault

Internal fault

External fault

Fault location

f1 (0)

f2 (15 km)

f3 (23.4 km)

f4 (24.6 km)

f5 (220 kV busbar)

f6 (backward fault)
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type
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xm (km)
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Fig. 15.　Prototype of protection device. (a) In 110 kV Fengtai wind farm,  
Tianjin, China. (b) In 35 kV Dashentang wind farm, Tianjin, China.
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caused by inhomogeneous line parameters, a distance correc‐
tion method for mixed lines is designed to avoid the protec‐
tion over- or under-reach.

Based on the proposed algorithm, a prototype of the pro‐
tection device is developed. Extensive HIL tests verify that 
the prototype of the protection device can quickly and accu‐
rately obtain a convergent fault distance, independent of the 
inhomogeneous parameters of the mixed line and the tran‐
sient response of RES. The prototype of the protection de‐
vice has achieved good operational performance in the actu‐
al high-voltage wind power transmission lines. Therefore, the 
proposed algorithm is a robust, economical, fast, and selective 
protection solution for power grids with integrated RES.
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