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An Adaptive Single-phase Reclosing Technique for 

Wind Farm Transmission Lines Based on SOD 

Transformation of CVT Secondary Voltage 

Hongchun Shu, Cong Li, Yue Dai, Yutao Tang, and Yiming Han 

Abstract—Automatic reclosing is widely employed in 

wind farm transmission lines. However, conventional 

reclosing strategies cannot identify the nature of the fault 

before reclosing, thereby posing a risk to the safe opera-

tion of the wind farm transmission system and associated 

equipment, especially during permanent faults. This 

study focuses on 220 kV wind farm transmission lines 

without parallel reactors. A single-phase ground fault 

circuit model is established first, and expressions for 

faulted phase-end voltages are derived before and after 

arc extinction. Then, the variations in voltage amplitude 

before and after fault arc extinction are revealed. The 

short-time Fourier transform is employed to extract 

fundamental frequency voltage amplitude from the sec-

ondary side of the capacitive voltage transformer (CVT). 
Subsequently, an adaptive reclosing strategy based on 

fundamental frequency voltage amplitude detection for 

wind farm transmission lines is proposed to enhance fea-

ture variations through sequential overlapping derivative 

(SOD) transformation. Finally, through analysis and 

validation on the RTDS platform, the proposed adaptive 

reclosing strategy is demonstrated to be simple, feasible, 

robust against transient resistances, and characterized by 

high sensitivity. 

Index Terms—Adaptive reclosing, CVT, fault nature, 
SOD, wind farm transmission lines. 

 

Ⅰ.   INTRODUCTION 

n recent years, wind power generation has rapidly 

gained prominence due to its pollution-free nature, 

low operational costs, and widespread availability [1]. 

However, the operational conditions of wind farm 

 
_____________________________________ 

Received: August 25, 2024 

Accepted: March 3, 2025 

Published Online: July 1, 2025 

Hongchun Shu, Cong Li, Yue Dai (corresponding author), 

Yutao Tang, and Yiming Han are with the Yunnan Key Labora-

tory of Green Energy, Electric Power Measurement Digitaliza-

tion, Control and Protection, Kunming University of Science and 

Technology, Kunming 650500, China (e-mail: shuhongchun@ 

kust.edu.cn; 13531037695@163.com; 1769624266@qq.com; 

kusttyt@sina.cn; 373482753@qq.com). 

DOI: 10.23919/PCMP.2024.000162 

transmission systems often encounter adverse weather 
conditions, resulting in a heightened probability of sys-

tem faults [2]. Statistics indicate that small to medi-

um-sized wind farms generally connect to the grid 

through overhead transmission lines at 110 kV or 220 kV 
[3]. Moreover, transient single-phase faults constitute 

most overhead transmission line faults. Reclosing 

breakers can effectively restore the power supply if 

these transient faults disappear, and therefore, reclosing 

device installation can ensure continuous and stable 
outward transmission of electrical energy from wind 

farms. Currently, reclosing devices installed in trans-

mission lines within wind farms typically employ tra-

ditional reclosing strategies, involving indiscriminate 
reclosing after a fixed delay irrespective of whether a 

fault-triggered breaker trip is due to a transient or per-

manent fault on the transmission lines. If reclosing oc-

curs during a permanent fault or before the extinction of 

the secondary arc, reclosing may fail, causing secondary 
impacts on the system and affecting its stability. To 

address this, accurately identifying the nature of the 

fault before reclosing and executing specific reclosing 

strategies based on the identified results hold paramount 
significance for the reliable operation of wind farm 

transmission systems and the safety and stability of 

electrical equipment. 
Recently, numerous scholars have conducted exten-

sive research on the reclosing technology of wind farm 
transmission lines. Reference [4] analyzes the reasons 
behind wind farm islanding caused by automatic re-
closing on permanent faults, and proposes to prolong 
reclosing initiation time to decrease secondary drop 
current by altering the reclosing functional configura-

tion. References [5][7] present the low success rate of 
reclosing on the wind farm side using the “check syn-
chronous” method and suggest alternative reclosing 
methods, such as “check busbar no voltage line has 
voltage” and “continuously check busbar no voltage” to 
enhance reclosing success rates. However, these re-
closing schemes mainly focus on the success of re-
closing initiation while overlook secondary impacts on 
the wind farm transmission system due to reclosing on 
permanent faults. Reference [8] introduces an adaptive 
reclosing strategy based on the active-to-reactive power 

I 



SHU et al.: AN ADAPTIVE SINGLE-PHASE RECLOSING TECHNIQUE FOR WIND FARM TRANSMISSION LINES… 59 

ratio on the faulty phase of wind farm transmission lines. 
However, this method requires to extract multiple fre-
quency components from the faulty phase power, com-
plicating filtering processes. Reference [9] developes a 
phase-separated reclosing strategy targeting different 
natures of faults on wind farm transmission lines by 
initially reclosing specific phases and using inter-phase 
coupled voltage to identify the nature of the fault. 
However, the accuracy of the fault phase selection can 
significantly influence the effectiveness of this reclos-
ing strategy. In [10], an active detection-based adaptive 
reclosing for transmission lines is proposed by injecting 
low current into the line and using the integrated am-
plitude of the injected current for fault nature identifi-
cation. However, this approach cannot detect sin-
gle-phase ground faults in non-injected phases and re-
quires multiple injections of signals. Reference [11] 
presents a method for calculating the reclosing time of 
wind farm transmission lines based on the changing 
process of wind turbine stator voltage in different stages 
after a transient fault. However, the paper does not 
provide a methodology for setting the stator voltage 
threshold. The abovementioned studies provid various 
advantageous insights into adaptive reclosing technol-
ogy, serving as a valuable reference and inspiration for 
future researchers. Nevertheless, the proposed solutions 
face limitations in real-time fault disappearance detec-
tion with added complexity of equipment installation 
for reclosing operations. Hence, this paper presents a 
single-phase adaptive reclosing technique for wind farm 
transmission lines based on sequential overlapping 
derivative (SOD) transformation of the capacitive 
voltage transformer (CVT) secondary voltage. 

This study delves into wind farm transmission lines 

without parallel reactors by analyzing their operational 

characteristics during single-phase ground faults and 

deriving the voltage expression for the faulty phase 

post-circuit breaker tripping. Employing short-time 

Fourier transform (STFT) to capture the fundamental 

frequency voltage amplitude of the faulty phase from 

the CVT secondary side, SOD transformation is applied 

for cyclic detection. Real-time fault nature discrimina-

tion relies on whether the detection value surpasses the 

preset threshold. The fault duration is calculated utiliz-

ing the detection results, and a single-phase adaptive 

reclosing strategy tailored for wind farm transmission 

lines is proposed. A transmission lines model for the 

wind farm is constructed on the RTDS platform for fault 

testing, while results are compared with traditional 

automatic reclosing strategies and existing adaptive 

reclosing strategies to validate the feasibility of the 

proposed reclosing scheme. 

The remainder of this paper is organized as follows. 
Section Ⅱ presents the analysis of single-phase ground 

fault phase terminal voltage characteristics. Section Ⅲ 

introduces the STFT and SOD algorithms. Section Ⅳ 

proposes the single-phase adaptive reclosure strategy. 

Section Ⅴ verifies the feasibility of the single-phase 

adaptive reclosure strategy proposed in this paper 

through the RTDS platform, and Section Ⅵ presents the 

main conclusions of the paper. 

Ⅱ.   ANALYSIS OF SINGLE-PHASE GROUND FAULT PHASE 

TERMINAL VOLTAGE CHARACTERISTICS 

The topology of a 220 kV wind farm transmission 

system is illustrated in Fig. 1, where 100 double-fed 
induction generator (DFIG) units are installed. The 

wind farm’s box transformers adopt a Ynd connection, 

and the main transformer adopts a Dyn connection. The 

distance of the wind farm transmission line is 100 km. 

When a single-phase ground fault occurs on the trans-
mission lines, protective actions disconnect the faulty 

phase, leading to non-full-phase operation. Due to the 

coupling effect between the healthy and the faulty 

phases, the voltage on the faulty phase is non-zero. 
Moreover, distinctions exist in the voltage on the faulty 

phase for different fault natures. The following analysis 

focuses on the coupled voltage on the faulty phase when 

different single-phase faults occur on the lines. 

 

Fig. 1.  Topology of 220 kV wind farm transmission system. 

A. Analysis of Terminal Voltage Characteristics During 

a Transient Fault Phase 

For convenience in analysis, the system is commonly 

divided into four stages during a transient single-phase 

fault on the transmission lines: the pre-fault normal 

operation stage, the first arc stage, the second arc stage, 
and the recovery voltage stage [12]. Schematic dia-

grams representing different stages of transient sin-

gle-phase ground faults are illustrated in Fig. 2. 

 

Fig. 2.  Schematic diagrams of different stages in transient sin-
gle-phase ground faults. (a) Normal operation stage. (b) Primary 
arc stage. (c) Secondary arc stage. (d) Recovery voltage stage. 
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Figure 2(a) illustrates the schematic diagram of the 

transmission lines under normal operating conditions, 

where the wind farm transmission system maintains a 

stable equilibrium during normal operation. Figure 2(b) 

depicts the schematic diagram during the primary arc 

stage. At this stage, the transmission lines experience a 

transient single-phase ground fault, where the circuit 

breaker remains closed, and the faulty phase continues 

to be energized by the system. Figure 2(c) represents the 

schematic diagram during the secondary arc stage, 

where the circuit breakers on both side of the faulty 

phase trip, discontinuing the continuous power supply 

from the system and placing the wind farm transmission 

system into a state of partial phase operation. Figure 2(d) 

portrays the schematic diagram during the recovery 

voltage stage. When the secondary arc is extinguished, 

the voltage across the faulty phase primarily consists of 

the induced voltage between the healthy and faulty 

phases [13]. 

This study employs a control theory model to simu-

late the arc process while disregarding line impedance 

to analyze the characteristics of fault phase arc voltage. 

During the secondary arc stage, the fault phase voltage 

mostly comprises two components: electromagnetic 

coupling voltage and capacitive coupling voltage. The 

electromagnetic coupling voltage is induced by the 

electromagnetic coupling when the current flows 

through the open fault phase from the healthy phase. Its 

value is primarily determined by the current in the 

healthy phase and the mutual inductance impedance 

between the healthy and faulty phases. The expression 

for the electromagnetic coupling voltage is as follows: 

x B C m( )U I I Z l                           (1) 

where BI  and CI  denote the currents of the healthy 

B-phase and C-phase, respectively; mZ  indicates the 

per-unit line length mutual impedance; and l represents 
the length from the measuring end to the fault location. 

Upon the tripping of the faulted phase, the healthy 

phase currents ( BI  and CI ) experience minimal 

changes during both the second arc and recovery volt-
age stages. Additionally, the per-unit line length mutual 

inductance, mZ , and line length, l, remain constant. 

Consequently, the electromagnetically coupled voltages 
of the faulted phase exhibit negligible differences in 
these two stages. Therefore, the analysis of the voltage 
variations in the faulted phase can be effectively ap-
proached by examining the capacitive coupled voltage. 
The magnitude of the capacitive coupled voltage is 
determined by the ground capacitance and 
phase-to-phase capacitance of the transmission lines. 
Upon the occurrence of a transient fault and subsequent 
tripping of the faulted phase, the equivalent circuit of 
the lines is depicted in Fig. 3(a). 

The circuit for calculating the capacitive coupling 

component of the secondary arc is illustrated in Fig. 3(b). 

The frequency domain expression for the fault-phase 

terminal voltage 
a ( )U s  can be obtained by employing 

operational methods for solving: 

arc 0

arc 0 B C
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    (2) 

where 
arcR  represents the resistance of the secondary 

arc; 
0C  denotes the capacitive coupling to ground; and 

mC  indicates the interphase capacitive coupling; in 

addition, 
BU  and 

CU  stand for the non-fault B and C 

phase voltages, respectively. 

 

Fig. 3.  Circuit diagram of secondary arc stage. (a) Equivalent 

circuit. (b) Computational circuit. 

After the disconnection of the faulted phase, accord-

ing to [14], the resistance of the secondary arc is far 

lower than the parallel capacitance impedance of the 

line. Moreover, the following relationship exists: 

arc
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1

1
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                            (3) 

According to (3), equation (2) can be simplified as: 

B C

a m arc( ) 2 ( )
2

U U
U s C sR s


                (4) 

Its time domain expression can be derived by inverse 

Laplace transform as follows: 

 B C

a m arc

d ( ) ( )
( )

d

U t U t
U t C R

t


            (5) 

When a transient single-phase fault occurs, and after 

the secondary arc is extinguished, the system transitions 

into the voltage recovery stage, depicted by its equiva-

lent circuit in Fig. 4(a). The fault grounding arc re-

sistance disappears at this point, effectively rendering 

arcR  infinite. Figure 4(b) represents the equivalent cir-
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cuit for the capacitive coupling component, and the 

faulted phase terminal voltage can be expressed as: 

B Cm
a

0 m

2
( ) ( )

2 2

U UC s
U s s

C s C s


 


             (6) 

Its time domain expression can be derived by inverse 

Laplace transform as follows: 

 m
a B C

0 m

( ) ( ) ( )
2
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C C
  


         (7) 

The ratio of (4) to (6) is defined as K to compare the 

relationship between the faulted phase voltage before 

and after the fault disappearance, yielding the following 

relationship: 
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According to (3), with arc 0 1R C s  and arc m2 1R C s , 

substituting into (8) yields 1K . The value of K in-

dicates that the faulted phase voltage will significantly 

increase after the secondary arc is extinguished and the 

system enters the recovery voltage stage. This phe-

nomenon provides a basis for the subsequent identifi-

cation of fault nature. 

 

Fig. 4.  Circuit diagram of recovery voltage stage. (a) Equivalent 

circuit. (b) Computational circuit. 

B. Analysis of Permanent Fault Phase Terminal Voltage 
Characteristics 

When a permanent single-phase ground fault occurs 

on the transmission lines, its equivalent circuit matches 

that shown in Fig. 3 after the circuit breaker trips. Ac-

cording to (4), the frequency domain expression of the 

faulty-phase terminal voltage a ( )U s  is obtained using 

operational methods: 

B C

a m g( ) 2 ( )
2

U U
U s C sR s


            (9) 

where gR  represents the transition resistance. 

Its time domain expression can be derived by inverse 

Laplace transform as follows: 

 B C

a m g

d ( ) ( )
( )

d

U t U t
U t C R

t


                (10) 

According to the above analysis, during a transient 

single-phase fault in wind farm transmission lines, the 

faulted phase voltage magnitude significantly increases 

upon extinguishing the secondary arc and entering the 

recovery voltage stage. However, in the case of a per-

manent single-phase fault in the wind farm transmission 

lines, no significant change is observed in the faulted 

phase voltage after the circuit breaker trips. 
Furthermore, whether a transient fault or a permanent 

fault occurs on the transmission lines, when the circuit 

breaker trips and enters a non-full-phase operation state, 

the coupling voltage on the faulted phase mainly consists 

of the fundamental frequency component during the sec-

ondary arc and recovery voltage stages because both the 

electromagnetic coupling voltage and the capacitive cou-

pling voltage on the faulted phase are coupled from the 

healthy phase [15]. Therefore, the faulted phase voltage 

magnitude at power frequency can be utilized to identify 

fault nature. 

Ⅲ.   EXTRACTION AND ENHANCEMENT OF POWER 

FREQUENCY COMPONENTS 

A. STFT 

The fault voltage signal is non-stationary, and the 

Fourier transform can only provide the global frequency 

spectrum information and cannot reveal the moments 

when each frequency component appears. Moreover, 

the Fourier transform struggles to promptly capture 

signal mutations. STFT effectively resolves these 

challenges by addressing the issues mentioned above. 

The STFT of x(t) is mathematically defined as follows 

[16]: 

* j2π

STFT ( , ) ( ) ( )e dfu

xF t f x u g u t u





         (11) 

where f represents the frequency variable; u represents 

the integral variable; and *( )g  represents the time 

window function. 

For a given time t, STFT ),(xF t f  can be considered as 

the spectrum at that moment. However, it is necessary to 

discretize STFT ),(xF t f  in practical applications. Sam-

pling the signal x(k) at regular intervals in the 
time-frequency domain with (mT, nF), where T repre-
sents the time domain sampling period; F indicates the 
frequency domain sampling period; and k, m, 

0,1, , 1n N  , with N being the total number of 

sampling points, the STFT of x(k) is defined as follows: 
1

* j2π /

STFT

0

( , ) ( ) ( )e
N

nk N

xF m n x k g k m


      (12) 

This paper applies STFT to the raw voltage signal to 

precisely capture voltage amplitude variations at power 
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frequency. This step is crucial for subsequent analysis 

of fault nature. 

B. SOD Transformation 

This paper proposes an algorithm based on SOD 

transformation to further enhance the amplitude varia-

tion characteristics of the voltage signal at power fre-

quency and improve discrimination. The SOD trans-

formation is a differential operation-based method, 

involving multiple-order differences, where the higher 

the order of differences, the more effectively the results 

reflect the characteristics of high-frequency transient 

components in the signal and their abrupt change di-

rections. The SOD transformation is described as fol-

lows [17]: 
1

1

1

( ) ( 1) ( ) ( 1)
h

j

h j h

j

S n c Q n j






           (13) 

where h represents the order of the SOD; ( )hS n  indi-

cates the hth-order difference of Q(n) with Q(n) denot-

ing the original signal and n signifying the instantane-

ous sampling point, which should satisfy the condition 

1;n h ≥  in addition, ( )j hc  symbolizes the coeffi-

cients of the SOD transformation, and they are com-

puted as follows. 

The first and last coefficients of the SOD transfor-

mation are equal and set to 1, as: 

1 1( ) ( ) 1h h hc c                      (14) 

The second coefficient of the SOD transformation 

corresponds to its order, as: 

2( )hc h                            (15) 

The remaining coefficients of the SOD transfor-

mation can be calculated using: 

1 1 1( ) ( ) ( )j h j h j hc c c               (16) 

The sum of all coefficients in the SOD transformation 

is zero, as: 
1( 1) ( ) 0j

j kc                    (17) 

In this paper, the SOD transformation is used to an-

alyze the degree of abrupt changes in the power fre-

quency voltage amplitude. When the voltage signal 

exhibits relatively uniform changes between sampling 

points, the differential calculation tends to approach 

zero, suppressing gradual variations. Conversely, when 

significant variations occur between sampling points, 

the differential calculation leads to larger changes, 

emphasizing abrupt variations [18]. In theory, a higher 

order of SOD transformation enhances the effectiveness 

of capturing signal fault characteristics. However, as the 

order increases, the expression becomes more complex, 

increasing computational burden and processing time. 

In this study, an 8th-order SOD transformation is cho-

sen to fulfill the requirements, striking a balance be-

tween feature enhancement and computational effi-

ciency. 

Ⅳ.   SINGLE-PHASE ADAPTIVE RECLOSURE STRATEGY 

A. Fault Nature Identification and Fault Extinction 
Time Determination 

The analysis in this paper presents that during a 

transient fault on the transmission lines, there is a sig-

nificant difference in the fault-phase fundamental fre-

quency voltage magnitude between the secondary arc 

stage and the recovery voltage stage. At the same time, 

there is no such difference during a permanent fault. 

Therefore, this paper proposes a method for sin-

gle-phase adaptive reclosing by detecting the significant 

difference in the fault-phase fundamental frequency 

voltage magnitude after the tripping of circuit breakers 

at both ends of the transmission lines. 
When a single-phase ground fault occurs on the 

transmission lines, the circuit breaker on the faulted 
phase opens. Fault nature identification is delayed by 40 
ms to ensure that transient overvoltage interference 
caused by circuit breaker tripping does not influence the 
accuracy of the identification criteria [19]. Within the 

maximum discrimination time limit maxt , a sliding time 

window sT  is used to sequentially slide over the 

fault-phase fundamental frequency voltage magnitudes 
obtained through STFT and SOD transformation for 
cyclic detection. The criterion is as follows: 

8 ( )iS m ＞                           (18) 

where i denotes the sliding times of the sampling time 

window sT ; m represents the mth sampling point within 

the sliding time window sT ; and ε indicates the thresh-

old. If a sliding window sT  satisfies (18), it is deter-

mined as a transient fault, and the fault arc extinguishes 
at the moment of extinction. If (18) is not satisfied for 
all sliding windows within the maximum discrimination 

time limit max ,t  it is determined as a permanent fault. 

B. Single-phase Adaptive Reclosing Scheme 

According to the previous analysis, the formulated 

adaptive reclosing scheme comprises four modules: the 

fault detection module, data processing module, fault 

nature identification module, and reclosing module. The 

implementation process is described in the following 

sections, and the scheme flow is illustrated in Fig. 5. 

1) Upon detecting a single-phase fault on the wind 

farm transmission lines, trip the circuit breakers on both 

sides of the faulted phase. 

2) To ensure accurate criteria despite transient over-

voltage interference from tripping, start sampling the 

line voltage at a sampling rate of 20 kHz for a sequence 

u(k) from 40 ms onward after the trip of the circuit 

breakers on the faulted phase. 
3) The collected faulted-phase voltage is subjected to 

STFT using the window function g(t) to extract the the 

fundamental frequency voltage magnitude U(k), where 

k represents the instantaneous sampling point number. 
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4) Define the sampling time window length as w with 

a sliding factor of δ, constituting the sliding time win-

dow sT . Within each sliding time window sT , an 

8th-order SOD transformation is applied to the funda-

mental frequency voltage magnitude U(k) using the 

following formula: 

8 ( ) ( ) 8 ( 1) 28 ( 2) 56 ( 3)

70 ( 4) 56 ( 5) 28 ( 6)

8 ( 7) ( 8)

iS n U n U n U n U n

U n U n U n

U n U n

       

     

  

(19) 

where n ranges from 9 to N. 

5) Within the maximum discrimination time limit 

maxt , fault nature identification is performed using each 

sliding time window 
sT . If 8 ( )iS m ＞  within a certain 

time window, it is recognized as a transient fault, and 

the process proceeds to Step 6. Otherwise, it is recog-

nized as a permanent fault, and the reclosing mechanism 

is locked, concluding the procedure. 

6) The fault duration dt  is calculated based on the 

obtained sliding times i of the sampling window sT , the 

sample point m, and the relevant circuit breaker opera-

tion times, i.e.: 

d cT mT i                         (20) 

where cT  represents the time interval between two 

consecutive sample points, and cT =1/ sf  with sf  de-

noting the sampling frequency. 

7) At h d 100 ms,T T   the reclosing signal is initi-

ated to close the circuit breakers at both ends of the lines, 

restoring power to the system. 

 

Fig. 5.  Workflow of single-phase adaptive reclosing scheme. 

C. Principles of Setting Fixed Values 

1) Maximum Discrimination Time 
maxt   

According to the operational experience of the power 

grid in China, the typically fixed time for automatic 

reclosing ranges from 0.6 s to 1.5 s [20], [21]. In this 

paper, a value of 0.7 s is chosen. Consequently, the cir-

cuit breaker is disconnected approximately 100 ms after 

the fault occurrence. Following the disappearance of the 

fault, time is required for the insulation recovery of the 

arc path. The recovery time for arc path insulation is set 

to 100 ms [21]. Additionally, to ensure the accuracy of 

the criterion for transient overvoltage interference after 

the circuit breaker for the faulted phase is disconnected, 

arc extinction detection is initiated 40 ms after the trip. 

Therefore, the maximum discrimination time limit is set 

at 460 ms. The schematic diagram of various time nodes 

in the reclosing process is shown in Fig. 6. 

 

Fig. 6.  Time node diagram of the reclosing process. 

2) Sliding Time Window sT   

An introduced sliding time window with a width of w 

and a sliding factor of δ is utilized in this paper to ana-

lyze the real-time variation of fault information over 

time. This window performs SOD transformation on the 

power frequency voltage amplitude and continuously 

monitors whether its value satisfies the criteria for 

adaptive reclosing. Figure 7 depicts the schematic dia-

gram of the sliding time window. After completing the 

data analysis within the first-time window, the data 

frame is slid forward by δ for the next round of data 

analysis. This process is repeated cyclically until the 

workflow is completed. 

 

Fig. 7.  Schematic diagram of the sliding time window. 

In theory, reducing the sliding time window length (w) 

and sliding factor (δ) can improve the accuracy of 
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arc-extinction detection results. However, it simulta-

neously increases the frequency of time window 

movement and computational burden, which is not 

conducive to detecting arc-extinction moments. This 

paper sets w to 10 ms and δ to 1 ms to balance compu-

tational accuracy and efficiency. 

3) Discrimination Threshold ε  
When a permanent fault occurs on the transmission 

lines, the fault point persists, and the SOD-transformed 

fault phase power-frequency voltage amplitude remains 

stable and close to 0 without any sudden changes. 

However, for a transient fault, the SOD-transformed 

fault phase power-frequency voltage amplitude under-

goes a noticeable sudden change around the time of 

fault disappearance. When the fault occurs at the line 

terminal, and the fault disappearance moment corre-

sponds to the maximum discrimination time, the am-

plitude of the power-frequency voltage undergoes the 

smallest sudden change. After extensive testing and 

considering a certain margin, ε is set to 1 in this paper. 

Ⅴ.   EXPERIMENTAL ANALYSIS 

A transmission system model for wind farms is con-

structed on the RTDS experimental platform to validate 

the practicality of the proposed single-phase adaptive 

reclosing scheme. The model includes 100 DFIG units, 

each with a rated capacity of 2 MW. The transmission 

lines span 100 km with a voltage rating of 220 kV, with 

no parallel reactor on either side of the lines. The sam-

pling frequency is set to 20 kHz, and the RTDS ex-

perimental platform is illustrated in Fig. 8.  

 

Fig. 8.  RTDS experimental platform. 

First, a simulation model for single-phase adaptive re-

closing of wind power transmission lines is constructed 

on the RSCAD platform. The module encompasses 

steady-state operation, fault modules, circuit breakers, 
and external interfaces. Next, real-time digital simulation 

of the entire model is conducted using RTDS. The results 

are converted into analog signals by the GTAO board. 

Subsequently, a digital oscilloscope is employed to cap-

ture the analog signals, convert them into digital signals, 

and transmit them to the main control computer. Finally, 

the reclosing evaluation logic, executed on the main 

control computer, receives the signals, determines the 

fault characteristics, and issues a trip command to the 

circuit breaker module in RSCAD, thus completing the 

closed loop of the entire reclosing process. 

In transmission systems of 110 kV and above, relay 

protection devices and measuring instruments play a 

crucial role, often utilizing CVTs to acquire voltage 

signals [22]. The equivalent model of the CVT con-

structed in this paper is illustrated in Fig. 9. 

 

Fig. 9.  Equivalent model of CVT. 

In Fig. 9, the components 1C  and 2C  constitute a 

voltage divider circuit, reducing the primary voltage 1U  

to 1 1 1 2( ) ( ).C U C C  Within this model, the voltage 

across the low-voltage capacitor, 2C , is 11.6 kV. This 

voltage is transmitted through the compensation circuit, 

comprising cC , cL , and cR , to the intermediate 

step-down transformer (SDT). Parameters pC , 
ps1C , 

ps2C , s1C , and s2C  represent the stray capacitances of 

the SDT’s primary and secondary sides, respectively. 

Parameters T1L , T21L , T22L , T1R , T21R , and T22R  de-

note the equivalent leakage inductances and resistances 
of the primary and secondary sides of the SDT, respec-

tively. Parameters mL  and mR  account for the nonlin-

ear inductance and resistance of the excitation branch of 

SDT. SDT transforms the voltage across capacitor 2C  

into the secondary voltage utilized for protection and 
measurement. The damping circuit in this model em-
ploys a passive ferro-resonance suppression circuit 

(PFSC) consisting of fL , fR , and r ,R  effectively sup-

pressing the ferromagnetic resonance of CVT. bR  rep-

resents the load on the secondary side of CVT, while G 

and gR  denote protective clearances. These factors 

affect CVT only after overvoltage discharge breakdown 
and are generally not considered under normal circum-
stances [23]. 

The wind farm transmission lines introduce different 

natures of single-phase ground faults. The voltage sig-
nals at the protection installation are measured using the 

equivalent model of the CVT, as illustrated in Fig. 9. 

The waveforms of the CVT primary and secondary side 

voltages are depicted in Fig. 10. (Note: The CVT sec-
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ondary side voltage mentioned here and subsequently 

has been normalized to the primary side.) 

 

Fig. 10.  Voltage waveforms on CVT primary and secondary 

sides. (a) Transient fault. (b) Permanent fault. 

Figure 10 shows that the primary and secondary 

voltages are essentially coincident during the 

steady-state condition at the power frequency. However, 

distortion occurs on the CVT secondary side voltage 

waveform during the high-frequency transient phases. 

The above-mentioned adaptive reclosing scheme uti-

lizes the power frequency voltage signal for fault nature 

identification. Moreover, the CVT exhibits favorable 

transference characteristics for this voltage signal, in-

dicating potential practical applications in engineering. 

A. Transient Fault 

At 1.1046 s,t   a phase A metallic grounding fault 

occurs 30 km from the M-side of the wind farm trans-

mission lines. The circuit breakers on both sides are 

opened 100 ms later, and the fault duration is 350 ms. 

Figure 11 shows the waveform of the secondary-side 

voltage. 

Figure 11 illustrates that the voltage waveform during 

transient fault conditions can be divided into four stages. 

Stage a represents normal operation, Stage b corre-

sponds to the primary fault arc stage from the fault 

occurrence until the circuit breaker opens, Stage c de-

picts the secondary arc stage after the circuit breaker 

opens, and stage d illustrates the recovery voltage stage 
after the secondary arc extinguishes. The voltage am-

plitude of the faulted phase increases significantly upon 

the disappearance of the fault after the circuit breaker 

trips. This observation is consistent with the presented 

theoretical analysis in this paper. 

 

Fig. 11.  Open-phase voltage waveform during transient sin-

gle-phase ground fault. 

According to the proposed single-phase adaptive re-

closing scheme, the STFT obtains the power frequency 

voltage amplitude. Subsequently, the obtained power 

frequency voltage amplitudes undergo SOD transfor-

mation within the sliding time window sT , as illustrated 

in Fig. 12. The first-time window starting the detection 

after the circuit breaker trip and the time window de-

tecting the disappearance of the fault are displayed. 

 

Fig. 12.  Identification results of transient fault. 

According to Fig. 12, the amplitude curve of the first 

sliding window remains constant and close to 0 during 

the momentary fault. At the 196th sliding window, there 

is a noticeable abrupt change at the 186th sampling 

point, indicating that the sliding time window has 

moved 195 times. Therefore, the fault extinguishes at 

244.3 ms after the circuit breaker operation 

(40+195+186/20 ms =244.3 ms), while the secondary 

arc extinguishes at 344.3 ms after the fault occurrence. 

Considering the predetermined fault duration of 350 ms, 

the calculation error is only 5.7 ms. 

B. Permanent Fault 

At 1.1046 s,t   a phase A metallic grounding fault 

occurs 30 km from the M-side of the wind farm trans-

mission lines. The circuit breakers on both sides are 

opened 100 ms later. Figure 13 shows the second-

ary-side voltage waveform. 
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Fig. 13.  Open-phase voltage waveform during permanent sin-

gle-phase ground fault. 

As shown in Fig. 13, stages a and b exhibit nearly 

identical behavior in permanent and transient faults. 

Stage c represents the residual voltage stage. There is no 

significant change in the voltage amplitude of the 

faulted phase after the circuit breaker opens. The am-

plitude approaches zero, which is consistent with the 

analysis presented in this paper. 
The adaptive reclosing identification results are dis-

played in Fig. 14, showing the first-time window after 

tripping the circuit breaker and the time window when 

the detection time reaches the maximum discrimination 

time. 

Analysis of Fig. 14 reveals that during a permanent 

fault on the lines, the amplitude curves for both the first 

and the 451st sliding windows remain constant, ap-

proaching zero. There is no apparent abrupt change after 

the detection within the maximum discrimination time 

of 460 ms. Consequently, the fault is recognized as 

permanent, leading to the reclosing device being locked. 

 

Fig. 14.  Identification results of permanent fault. 

C. Reliability Analysis 

1) Different Fault Conditions  

Considering the influence of various fault conditions 

on the adaptive reclosing criteria, single-phase ground 

faults are configured for the wind farm transmission 

lines under different fault locations, transitional re-

sistances, and fault durations. The fault identification 

results are presented in Table Ⅰ, highlighting the impact 

of various parameters on the adaptive reclosing scheme. 

TABLE Ⅰ 

JUDGMENT RESULTS OF DIFFERENT FAULT CONDITIONS 

Fault condition 
Fault 

nature 
Fault locations 

Transition 

resistance (Ω) 

Fault duration 

(ms) 

Calculated fault duration 

(ms) 

Calculated error 

(ms) 

Discriminant 

results 

Different fault 

locations 

Transient 

Head 

0.01 350 

353.65 3.65 

Transient 
30 km 343.8 6.2 

60 km 344.35 5.65 

End 344.8 5.2 

Permanent 

Head 

0.01    Permanent 
30 km 

60 km 

End 

Different transition  

resistances 

Transient 30 km 

0.01 

350 

343.8 6.2 

Transient 

30 343.85 6.15 

60 354.15 4.15 

100 353.8 3.8 

200 343.35 6.65 

Permanent 30 km 

0.01 

   Permanent 
30 

100 

200 

Different fault 

durations 
Transient 30 km 0.01 

200 193.35 6.65 

Transient 

300 295.25 4.75 

400 395.1 4.9 

500 495.25 4.75 

600 595.1 4.9 

650   Permanent 
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As shown in Table Ⅰ, the proposed strategy can reli-

ably identify the nature of single-phase ground faults 

under various fault conditions in the transmission lines. 

Moreover, it can calculate the duration of transient 

faults with minimal computational error. In cases where 

the fault duration exceeds 600 ms, it is identified as a 

permanent fault due to the discrimination window sur-

passing the maximum discrimination time limit, thereby 

precluding reclosure. 

2) Arcing Fault  

An arc model is established considering the impact of 

arc faults on the criteria for adaptive reclosing. At 

1.1046 s,t   the different natures of phase A arcing 

ground faults occur 30 km from the wind farm site on 

the line, and, the circuit breakers are opened after 

100 ms. The moment of arc extinction for transient 

faults is 1.3546 s. Figure 15 shows the secondary side 

voltage waveform of the faulty phase when an arcing 

fault occurs on the line. 

 
Fig. 15.  Open-phase voltage waveform during arcing sin-

gle-phase ground fault. (a) Transient fault. (b) Permanent fault. 

The arcing fault identification results are illustrated in 

Fig. 16, illustrating the first window after tripping the 

circuit breaker and the window where the fault disap-

pearance is detected or the maximum discrimination 

time is reached. 

In Fig. 16(a), the amplitude curve of the first sliding 
window remains constant and close to 0 during the 
transient fault. A noticeable abrupt change occurs at the 
200th sample point within the 93rd sliding window, 
indicating 92 movements of the sliding time window. 
Consequently, the fault arc extinguishes 142 ms after 

the circuit breaker opens (40+92+200/20 ms=142 ms), 
and 242 ms after the fault occurrence. In this scenario, 
the calculation error is only 8 ms, where the fault dura-
tion is 250 ms. In Fig. 16(b), for a permanent fault, the 
amplitude curves of the first and 451st sliding windows 
remain constant and close to 0. Following the maximum 

discrimination time of 430 ms, no significant abrupt 
change is observed, leading to the conclusion of a 
permanent fault without reclosing. 

 
Fig. 16.  Identification results of arcing single-phase ground fault. 

(a) Transient fault. (b) Permanent fault. 

The experimental results demonstrate that the pro-
posed method is minimally affected by factors such as 
transient resistance, fault location, fault duration, and 
arcing fault, thereby exhibiting high reliability. 

D. Applicability Analysis for Traditional AC Transmis-
sion Lines 

A ground fault of a different nature on phase A is 

placed 30 km from the system side at 1.1046 st   to 

evaluate the applicability of the proposed strategy in 
traditional AC transmission lines. After 100 ms, the 
circuit breakers on both sides of the lines are opened, 
with the transient fault lasting for 450 ms. Figure 17 
illustrates the secondary side voltage waveforms during 
transient and permanent faults on traditional AC 
transmission lines. 

The identification results of the adaptive reclosing are 
shown in Fig. 18. Here, the only presented results are for 
the cases when the first time window starts from the 
circuit breaker tripping and the time window where the 
fault disappears or the maximum discrimination time is 
reached. 
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Fig. 17.  Phase voltage waveform of a single-phase ground fault 

in traditional AC transmission lines. (a) Transient fault. (b) 

Permanent fault. 

 

Fig. 18. Identification results of fault nature in traditional AC 

transmission lines. (a) Transient fault. (b) Permanent fault. 

In Fig. 18(a), the amplitude curve of the first sliding 

window remains constant and close to 0 during the 

transient fault. A noticeable abrupt change occurs at the 

197th sample point within the 304th sliding window, 

indicating 303 movements of the sliding time window. 

Consequently, the fault arc extinguishes 352.85 ms after 

the circuit breaker opens (40+303+197/20 ms=352.85 

ms) and 452.85 ms after the fault occurrence. In this 

scenario, the calculation error is only 2.85 ms, whereas 

the fault duration is 450 ms. In Fig. 18(b), for the per-

manent fault, the amplitude curves of the first and 451st 

sliding windows remain constant and close to 0. No 

significant abrupt change is observed within the max-

imum discrimination time of 430 ms. Hence, it can be 

concluded that it is a permanent fault and reclosing is 

not performed. 

The experimental results demonstrate that the proposed 

method is unaffected by power source characteristics. 

Therefore, this method can be applied to wind farms and 

traditional AC transmission lines. In both scenarios, the 

proposed method can accurately identify the fault char-

acteristics, enabling adaptive reclosing and ensuring the 

safe and stable operation of the power system. 

E. Comparison of the Effectiveness with Traditional 

Auto Reclosing 

At 1.1046 s,t   an arcing single-phase ground fault 

occurs on the A-phase, 30 km away from the wind farm 

side on the line. The circuit breakers on both sides are 

opened 100 ms later, and the fault duration is 250 ms. 

Fault nature identification is conducted using the pro-

posed adaptive reclosing method, and is compared with 

the traditional reclosing method. Figure 19 illustrates 

the effects of the reclosing time for the two methods 

under transmission line transient fault conditions. 

 

Fig. 19.  Comparison of reclosing optimization time. (a) Adaptive 

reclosure. (b) Traditional reclosing. 
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Compared to the traditional automatic reclosing, the 

precision of the proposed method is evident in its sig-

nificant improvement in reclosing time optimization 

under transient fault conditions, thereby greatly en-

hancing the power restoration speed. In the case of 

permanent faults, it accurately identifies and locks the 

reclosing device, ensuring no secondary impacts on the 

transmission system. 

F. Comparison with Existing Adaptive Reclosing 
Strategies 

This section compares the adaptive reclosing strategy 

proposed in this paper with those presented in [8] and 

[10]. In [8], an adaptive single-phase reclosing strategy 

for wind farm transmission lines is introduced based on 

power ratio, which can identify the moment when the 

fault disappears. In [10], an adaptive reclosing strategy 

for wind farm transmission lines based on injected 

current is proposed. However, this method injects a low 

current into the transmission lines after a fixed delay to 

assess the fault nature, failing to detect the moment of 

fault disappearance in real time. The specific compari-

son results between the proposed and the above two 

methods are shown in Table Ⅱ. As seen, the proposed 

scheme identifies the fault nature by detecting the 

magnitude of the power frequency voltage on the sec-

ondary side of the coupling CVT of the healthy phase, 

and demonstrates a stronger ability to tolerate transition 

resistance. Additionally, the proposed methods in this 

paper and the one in [8] can identify the moment of fault 

disappearance. The transient fault identification results 

of the two schemes under different conditions are pre-

sented in Table Ⅲ. It can be observed that the error in 

calculating the fault duration for the scheme proposed in 

this paper is significantly smaller than that using the 

method in [8]. In summary, the proposed scheme is 

relatively simple in principle, has good applicability, 

can identify the moment of fault disappearance with 

minimal calculation errors, and exhibits high feasibility. 

TABLE Ⅱ 

COMPARISON RESULTS WITH EXISTING ADAPTIVE RECLOSING STRATEGIES 

Scheme The utilized signals Application scenarios 
Consideration of 

CVT effects 

Detection of fault  

disappearance time 

Capability of withstanding  

transition resistance (Ω) 

[8] Residual voltage and current 
Wind farm transmission 

lines 
No Yes 100 

[10] Injected current 
Wind farm transmission 

lines 
No No 50 

The proposed 

scheme 

Voltage induced by healthy phase 

coupling 

Wind farm transmission 

lines 
Yes Yes 200 

TABLE Ⅲ 

COMPARISON OF DISCRIMINATION RESULTS FOR TRANSIENT FAULTS UNDER DIFFERENT FAULT CONDITIONS WITH [8] 

Scheme 

Fault 

locations 
(km) 

Transition 

resistance 
(Ω) 

Fault 

duration 
(ms) 

Calculated fault 

duration (ms) 

Calculated error 

(ms) 

Discriminant 

results 

[8] 

25 100 

700 

777 77 Transient 

50 0 734 34 Transient 

75 0 742 42 Transient 

The proposed 

scheme 

25 100 

700 

704.2 4.2 Transient 

50 0 694.45 5.55 Transient 

75 0 690.55 9.45 Transient 

Ⅵ.   CONCLUSION 

This paper addresses a single-phase adaptive reclos-

ing strategy based on detecting fundamental frequency 

voltage amplitude for wind farm transmission lines 

without parallel reactors. According to the theoretical 

analysis and experimental testing, several conclusions 

are drawn as follows. 
1) The restoration voltage during a permanent fault is 

primarily induced by inductive coupling voltage. At the 

same time, it mainly composes of electromagnetic 

coupling voltage and capacitive coupling voltage during 

a transient fault. Moreover, the restoration voltage am-

plitude after the transient fault clearance is greater than 

that of a permanent fault. 

2) The SOD transformation effectively suppresses 

the slow-changing component of the voltage amplitude 

while amplifies the abrupt voltage changes, signifi-

cantly improving the sensitivity of fault nature identi-

fication. 

3) The proposed approach utilizes the power fre-

quency voltage amplitude for adaptive reclosing with 

CVTs exhibiting favorable characteristics for power 

frequency signals in practical engineering, making the 

proposed strategy promising for real-world applica-

tions. 
4) Experimental results demonstrate that the reclosing 

strategy can reliably identify the fault nature and de-

termine the fault clearance moment. Moreover, it ex-

hibits excellent robustness against transient resistances, 



PROTECTION AND CONTROL OF MODERN POWER SYSTEMS, VOL. 10, NO. 4, JULY 2025 70 

avoids detection dead zones, and is suitable for wind 

farm transmission lines without parallel reactors. 
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