
 
Abstract—Due to the influence of inverter control, the short-

circuit current provided by distributed photovoltaics (PVs) 
exhibits new characteristics, such as a controlled amplitude and 
phase angle, resulting in the malfunction of the current protection 
and differential protection of distribution networks with high PV 
penetration. In this paper, the equivalent high-frequency 
impedance model (EHFIM) of PV power generation and the 
analysis method of a fault high-frequency superimposed network 
are proposed. On this basis, we analyze the fault high-frequency 
superimposed network of a distribution network with high PV 
penetration and propose a high-frequency fault analysis-based 
pilot protection scheme, in which the range of frequency employed 
for protection (FEP) is analyzed theoretically. By comparing the 
relationship between the high-frequency operating impedance and 
the high-frequency restraining impedance, the internal and 
external faults are identified. The proposed protection scheme has 
the advantages of a fast trip, low requirement for data 
synchronization, immunity to inverter control and the PV 
operation mode, and adaptability to lines with teed feeders. The 
experimental results show that the proposed protection scheme 
can accurately identify internal and external three-phase, two-
phase, and two-phase grounding faults and is resistant to both 
fault resistance and noise interference. 
 

Index Terms—High photovoltaic penetration, high-frequency 
fault analysis-based protection, fault superimposed network, pilot 
protection 
 

I. INTRODUCTION 

ith the development of power electronics technology and 
increasingly prominent environmental problems, PV 

power generation has enjoyed rapid growth. However, the 
traditional protection schemes fail to meet the protection needs 
of distribution networks with high PV penetration since the 

short-circuit current of distributed PVs is affected by inverter 
control and light [1]-[5]. Currently, there are three solutions to 
this problem. 

1) Adaptive current protection can adjust the current 
protection setting according to the fault characteristics of 
distributed PVs, and many scholars suggested its use in PV 
power distribution networks [2]-[6]. Nevertheless, in the case 
of high permeability of distributed PVs, there are problems of 
poor protection speed and influence by inverter control in 
adaptive current protection [7]. In addition, directional elements 
cannot operate normally due to the impact of inverter control 
[7]. 

2) Some scholars proposed to use voltage characteristics to 
construct protection. A local voltage-based protection for 
distribution network with distributed generations was proposed 
in [8]. The cooperation of upper and lower level low-voltage 
protection is realized by using the fact that a bus closer to the 
fault location has a lower voltage magnitude. In [9], a local 
measurement-based protection was proposed that uses current 
and voltage signals to derive accurate protection decision for 
distribution network with distributed generations. However, 
voltage-based protection schemes find limitation with poor 
protection speed and tolerance to fault resistance. 

3) Differential protection and pilot protection are one of the 
main research directions for multisource distribution network 
protection. For example, [10] proposed a current differential 
protection suitable for distribution networks with inverter 
interfaced source. With the reduced cost of voltage transformers, 
voltage information is also used for fault detection. For instance, 
[11] and [12] suggested an impedance differential protection 
scheme based on measured impedance. However, these 
differential protection schemes have high requirements for 
dual-end data synchronization. To reduce the synchronization 
requirement, [13] proposed a low-cost communication system-
based positive-sequence current phase differential protection 
scheme, after which [14] and [15] developed pilot protection 
based on the positive-sequence current and positive-sequence 
impedance. The above differential protection and pilot 
protection schemes have solved the poor directionality problem 
of distribution network protection, but problems still exist in the 
influence of inverter control and the failure to adapt to teed 
feeders. Consequently, [16] proposed a virtual multiterminal 
current differential protection scheme, which uses line power 
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flow to estimate the output current of teed PV, reducing the 
impact of teed PV on differential protection. However, this 
scheme does not consider the impact of inverter control on the 
protection, and errors exist in the output current estimation of 
teed PV when the line is long. There are three main problems 
in the current differential protection and pilot protection 
schemes for PV power distribution networks: the high data 
communication requirements, inability to adapt to teed feeders, 
and negative impact of inverter control. 

A sudden change in voltage and current at the instant of fault 
contains abundant transient information. Based on this, scholars 
proposed new protection principles based on transient high-
frequency components. Reference [17] studied the 
characteristic differences in transient high-frequency 
impedance during different DC faults and proposed a 
directional pilot protection scheme based on the comparison of 
transient high-frequency impedance. However, the 
effectiveness of this protection scheme in AC system needs to 
be verified. 

To resolve these issues, this study proposes the equivalent 
high-frequency impedance model (EHFIM) of PV power 
generation and the analysis method of a fault high-frequency 
superimposed network. Then, the characteristics of the internal 
and external faults are analyzed. Based on this, a high-
frequency fault analysis-based pilot protection scheme is 
proposed. A 5 ms data window is employed by the proposed 
protection scheme, which is much smaller than the response 
time of inverter control. The proposed protection scheme has 
the advantages of a fast trip, low requirements for data 
synchronization, and immunity to inverter control and the PV 
operation mode. In addition, the proposed protection scheme 
can be applied to lines with teed feeders. The effectiveness of 
the proposed protection scheme is verified using 
PSCAD/EMTDC simulation software that builds a distribution 
network model with high PV penetration. 

II. DISTRIBUTION NETWORK WITH HIGH PV PENETRATION 

A. Structure of the Distribution Network with High PV 
Penetration 

Distributed PVs can be integrated into the 10 kV distribution 
network through dedicated lines or teed feeders [10],[16]. Fig. 
1 shows a 10 kV distribution network.  

 
The four power sources are from different 10 kV busbars, and 

the system adopts a small current grounding mode. A, B, M, 

and N denote protection installation locations. Distributed PVs 
are connected to the bus at protection N and line AB through 
dedicated lines and teed feeders, respectively. The peak load 
capacity of the distribution network is 2 MVA, and the power 
factor is 0.85. The rated capacity of the distributed PV is 8 
MVA, which is in a unity power factor operation state during 
normal operation. The control strategy of eliminating the 
negative-sequence current is adopted, and the PV capacity 
penetration rates of the feeder connected to power sources 2 and 
4 are both 100%, which is defined as the ratio of the total peak 
PV power to the peak load apparent power on the feeder 
[19],[20],[21].  

B. Mechanism of Transient High-Frequency Components 

When a metallic three-phase fault occurs at f2, which is the 
midpoint of line MN, the superimposed voltage and current 
experience sudden changes. Fig. 2(a) shows the instantaneous 
value of the superimposed voltage and current at the fault point 
f2, which are obtained by subtracting the voltage and current 
before the fault from the voltage and current after the fault.  

 
In Fig. 2(a), the fault occurs at 0 ms. Fig. 2(b) shows the 

amplitude features in the frequency domain of the 
superimposed components, which are obtained by discrete 
Fourier transform. Fig. 2(b) shows that the superimposed 
voltage and current contain high-frequency components.  

 
Fig. 3(a) shows the high-frequency superimposed network 

before the fault. There is no high-frequency voltage source, and 
thus there is no high-frequency fault current in the high-
frequency superimposed network. In Fig. 3(a), ω is the angular 
frequency; Zup(ω) is the upstream equivalent high-frequency 
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Fig. 1. Distribution network with high PV penetration. 
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Fig. 2. Instantaneous value and spectrum characteristics of the superimposed 
voltage and current at the fault point. (a) Instantaneous value of the 
superimposed voltage and current. (b) The amplitude features in the 
frequency domain of the superimposed voltage and current. 
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Fig. 3 Fault high-frequency superimposed network. (a) The high-frequency 
superimposed network before the fault. (b) The fault high-frequency 
superimposed network after the fault. 
 



impedance; ZB1(ω) and ZB2(ω) are the branch equivalent high-
frequency impedances; Zdown(ω) is the downstream equivalent 
high-frequency impedance; α is the fault distance; and ZL(ω) is 
the high-frequency impedance of the line. When a fault occurs, 
as shown in Fig. 3(b), the high-frequency fault voltage source 
ΔU̇k(ω) , which is generated by the sudden change in the 
superimposed voltage, excites the high-frequency 
superimposed network, which forms the fault high-frequency 
superimposed network after the fault.  

III. EQUIVALENT HIGH-FREQUENCY IMPEDANCE MODEL OF 

PV POWER GENERATION 

At power frequency, which is 50 Hz here, the impedance 
characteristics of PV power generation are affected by fault 
conditions and control strategies. At high frequency, the 
impedance characteristics of PV power generation are less 
affected by fault conditions and control strategy, and are mainly 
affected by topology parameters. In this section, the equivalent 
high-frequency impedance model (EHFIM) of PV power 
generation is proposed, and the lower limit of frequency at 
which PV power generation can be equivalent to the EHFIM of 
PV power generation is obtained. 

A. High-Frequency Impedance Topology of PV Power 
Generation 

Ten kV distribution systems mostly adopt small current 
grounding [10]. During single-phase grounding, there will be 
little sudden change in the superimposed voltage on the low-
voltage side of the PV grid-connected transformer, so there is 
no high-frequency impedance of PV power generation in the 
fault high-frequency superimposed network. Therefore, only 
three-phase faults and two-phase faults are analyzed in this 
section. Different fault types and inverter switch models lead to 
different high-frequency fault current flow paths. When a three-
phase fault or a two-phase fault occurs in the distribution 
network, the flow path of the high-frequency fault current is 
obtained considering the different switch models inside the 
inverter, as shown in Fig. 4.  

 
Appendix A shows the derivation process. In Fig. 4, L1, L2, 

C, CDC, and RG are the filter grid-side inductor, filter inverter-

side inductor, filter capacitor, DC-side capacitor, and DC-side 
grounding resistance, respectively. According to the six high-
frequency fault current flow paths, six high-frequency 
impedance topologies of PV power generation can be obtained, 
which are shown in Fig. 5(a)-(f).  

 
In Fig. 5, Z1, Z2, ZC, ZDC, and ZG are the high-frequency 

impedances of the inverter-side inductor, grid-side inductor, 
filter capacitor, DC-side capacitor, and DC-side grounding 
resistance, respectively. ZX and ZY are given by (1) and (2), 
respectively.  
 X C 13 2Z Z Z -  -    (1) 
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B. EHFIM of PV Power Generation  

With the increase of frequency, when the amplitude of ZC is 
less than 10% of amplitude of the parallel inductive branch, the 
parallel inductive branch (the blue part in Fig. 5(a)-(f)) can be 
shorted out. At this time, the six high-frequency impedance 
topologies of PV power generation are unified as the series 
connection of Z2 and ZC, which is shown in Fig. 5(g) and is the 
EHFIM of PV power generation.  

When the neutral point of the DC-side capacitor is directly 
grounded, that is, ZG=0, the parallel inductive branch in Fig. 5(c) 
has the smallest amplitude among the six high-frequency 
impedance topologies. Through Fig. 5(c), the lower limit of 
frequency at which PV power generation can be equivalent to 
the EHFIM of PV power generation—denoted by fL—is given 
by (3). 
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Under other grounding modes of the DC-side capacitor, ZG 
has different positive values, which increases the amplitude of 
the parallel inductive branch. When the frequency exceeds fL, 
the amplitude of ZC is still less than 10% of amplitude of the 
parallel inductive branch in Fig. 5(a)-(f) under other grounding 
modes. And the six parallel inductive branches in Fig. 5(a)-(f) 
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Fig. 4. High-frequency fault current flow path. (a) Three-phase fault. (b) 
Two-phase fault. 
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Fig. 5. High-frequency impedance of PV power generation. (a) Path 1. (b) 
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generation.  



can be shorted out. The equation (3) can work regardless of 
grounding modes of DC-side capacitor. In the following 
analysis, the neutral point of the DC-side capacitor is directly 
grounded. The PV high-frequency impedance above fL is less 
affected by fault conditions and control strategy, but mainly 
affected by topology parameters C and L2. 

IV. HIGH-FREQUENCY FAULT ANALYSIS 

In this section, the analysis method of a fault high-frequency 
superimposed network is proposed: in the fault high-frequency 
superimposed network, the PV power generation, line, and load 
are replaced with the EHFIM of PV power generation, 
distributed parameter model, and equivalent impedance model, 
respectively. On this basis, the internal and external fault 
characteristics are analyzed.  

A. Characteristics of Internal Faults 

When a fault occurs in f2, the fault high-frequency 
superimposed network is shown in Fig. 6. In Fig. 6, Zup(ω) 
includes the lines and power system high-frequency impedance 
ZS(ω); ZB1(ω) and ZB2(ω) contain the EHFIM of PV power 
generation ZPV(ω) and the equivalent impedance model of load 
ZLD(ω); Zdown(ω) includes the lines and ZLD(ω); zl(ω)=r+jωl and 
y(ω)=jωc are parameters in the distributed parameter model of 
the line; r, l, and c are the resistance, inductance, and 
capacitance parameters per unit length of line, respectively; 
ΔU̇(ω) and Δİ(ω) represent the high-frequency fault voltage 
and current, respectively; and the subscripts M and N represent 
the M-side protection and N-side protection in Fig. 1, 
respectively. The high-frequency impedances and measured on 
the M-side and N-side—denoted by ZM(ω) and ZN(ω), 
respectively—are written as (4). 
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It can be observed that ZM(ω) is a combination of resistance, 
capacitance, and inductance. When the frequency increases 
from zero to a certain high level, ZM(ω) will experience the first 
resonance. This means that -ZM(ω) will change from inductive 
to capacitive. Correspondingly, ZM(ω) will change from the 
third quadrant to the second quadrant, while the same will also 
apply to ZN(ω). In the following analysis of internal and 
external fault characteristics, it is assumed that the frequency 
corresponding to ω is between fL and the first resonant 
frequency. This means that -ZM(ω) and -ZN(ω) are inductive. 

When the frequency is between fL and the first resonant 
frequency, -ZM(ω) and -ZN(ω) are inductive. Therefore, ZM(ω) 
and ZN(ω) are both located in the third quadrant, and the 
amplitude of the addition of ZM(ω) and ZN(ω) is greater than 
that of the subtraction. Thus, ZM(ω)+ZN(ω) and ZM(ω)-ZN(ω) 
demonstrate the following relationship. 

        M N M NZ Z Z Z     -  (5) 

B. Characteristics of External Faults 

When an N-side external fault occurs in f5, the fault high-
frequency superimposed network is shown in Fig. 7. The 
expression of ZM(ω) and ZN(ω) is shown as [18]: 
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ZC(ω) and γ(ω) in this equation are defined as: 
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When the frequency is between fL and the first resonant 
frequency, ZM(ω) and ZN(ω) are in the third quadrant and the 
first quadrant, respectively. The phase difference between the 
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Fig. 6. Fault high-frequency superimposed network during an internal fault (f2) of line MN. 
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Fig. 7. Fault high-frequency superimposed network during an N-side external fault (f5) of line MN. 



two is greater than 90°. Thus, the amplitude of the addition of 
ZM(ω) and ZN(ω) is smaller than that of the subtraction. 
Therefore, Zop(ω) and Zres(ω) have the following relationship. 

        M N M NZ Z Z Z     -   (8) 

When an M-side external fault occurs in f4, ZM(ω) and ZN(ω) 
are in the first quadrant and the third quadrant, respectively, and 
the relationship between ZM(ω)+ZN(ω) and ZM(ω)-ZN(ω) is the 
same as that during f5 faults in. 

There are obvious differences between |ZM(ω)+ZN(ω)| and 
|ZM(ω)-ZN(ω)| during internal and external faults. Therefore, 
|ZM(ω)+ZN(ω)|  and |ZM(ω)-ZN(ω)|  are defined as the high-
frequency operating impedance Zop(ω) and high-frequency 
restraining impedance Zres(ω), respectively. 
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There are obvious differences in the relationship between 
Zop(ω) and Zres(ω) during internal and external faults, as shown 
in equations (10) and Fig. 8. 
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C. Fault Characteristics with Teed Feeders 

When teed feeders exist in lines, the corresponding high-
frequency impedances need to be added in the fault high-
frequency superimposed network. Regarding internal faults (f6), 
the teed lines do not affect the high-frequency impedance 
characteristics of reverse power grid. Thus, the internal fault 
characteristics remain unchanged. When a B-side external fault 
occurs in f8, first resonant frequencies of ZA(ω) and ZB(ω) will 
change due to teed feeders, but within the first resonant 
frequency, ZA(ω) and ZB(ω) are still located in the third and first 
quadrants with phase differences above 90° (located in the first 
and third quadrants, respectively, when an A-side external fault 
occurs in f7). The amplitude of the addition is greater than that 
of the subtraction. Thus, the external fault characteristics 
remain unchanged. In summary, the internal and external fault 
characteristics remain unchanged when teed feeders exist.  

V. PROPOSED PROTECTION SCHEME 

A. Pick-up Criteria 

During normal operation, the superimposed voltage does not 
exist or is really small, and time difference of the superimposed 
voltage is almost zero; at the instant of a fault, the superimposed 

voltage experiences a sudden change, and the time difference is 
significantly increased. This characteristic can be used to 
construct the pick-up criteria, as shown in the following 
equation: 
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In the above equation, ΔuM and ΔuN are the instantaneous 
values of the superimposed voltage on the M-side and N-side, 
and ε is the threshold value. To ensure a certain margin, ε is set 
to 0.1 kV/s, and the actual ε can be adjusted according to the 
capability and reliability requirements of the anti-fault 
resistance. 

B. Principle of Selecting Frequency Employed for Protection  

The selection of frequency employed for protection (FEP) 
should follow the principles below. 

1) The lower limit of FEP is fL, which is shown in equation 
(3). Based on the PV power generation parameters in Appendix 
B and equation (3), the lower limit of FEP in this paper is set to 
853 Hz. It should be noted that fL should be updated for other 
distributed PVs with different parameters. 

2) Five constraints are considered as the upper limit of FEP. 
i. According to the sampling theorem, the FEP should be 

less than half of the sampling frequency fS; 
ii. To ensure that phases of ZM(ω) and ZN(ω) during faults 

are the same as those analyzed in Section Ⅳ, the FEP 
should be lower than first resonant frequencies—denoted 

by fR—of ZM(ω) and ZN(ω). First resonant frequencies of 

ZM(ω) and ZN(ω) can be obtained through phase spectra 
of ZM(ω) and ZN(ω) during faults; 

iii. To avoid the impact of the high-frequency components of 
the PV power output on the protection, the FEP should be 
less than the PWM carrier frequency fPWM, which is 4000 
Hz in this article [22],[23],[24]; 

iv. Considering the severe attenuation of high-frequency 
components above 3000 Hz, the FEP should be less than 
3000 Hz, which is expressed as fA;  

v. Considering the wide application of low-pass filters, the 
FEP should be less than the cutoff frequency of the low-
pass filter fcutoff. 

The principle of selecting FEP is as follows. 

 S
L R PWM A cutoffFEP min , , , ,

2

f
f f f f f

    
 

  (12) 

C. Proposed Protection Scheme 

The measuring devices of the protection M and N 
continuously measure the superimposed voltage. When the 
pick-up criteria are met, the high-frequency impedances, which 
refers to ZM(ω) and ZN(ω), are obtained through the spectral 
decomposition of the superimposed voltage and current. The 
specific steps of calculating the high-frequency impedance are 
as follows.  

i. The waveform of superimposed voltage and current 
continuously slides through the 5ms data window. When 
the sudden change point of superimposed voltage and 
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Fig. 8 Relationship between Zop(ω) and Zres(ω) during faults. (a) Internal 
faults. (b) External faults. 



current slides to the midpoint of the 5ms data window (i.e., 
2.5ms after the fault occurs), the superimposed voltage 
and current in the 5ms data window are intercepted. 

ii. The intercepted superimposed voltage and current are 
converted from time domain to frequency domain by 
discrete Fourier transform, that is, ΔUṀ(ω) , ΔUṄ(ω) , 
ΔIṀ(ω), and ΔIṄ(ω) are obtained from the superimposed 
voltage and current. 

iii. ZM(ω) is obtained by dividing ΔUṀ(ω) by ΔIṀ(ω), and 
ZN(ω) is obtained by dividing ΔUṄ(ω) by ΔIṄ(ω). 

Through ZM(ω) and ZN(ω), Zop(ω) and Zres(ω) are calculated 
to identify faults. The calculation method of FEP is shown in 
(12). When Zop(ω) is greater than Zres(ω), the fault is judged as 
an internal fault, and the protection sends a trip signal to the 
circuit breakers on both sides; otherwise, the fault is judged as 
an external fault and the protection returns. The flow chart of 
the proposed protection scheme is shown in Fig. 9. 

 

VI. SIMULATION VERIFICATION 

Based on the PSCAD/EMTDC electromagnetic transient 
simulation platform, we establish the simulation model of the 
distribution network system with high PV penetration in Fig. 1. 
The sampling frequency is 10 kHz, and the length of data 
window is 5 ms.  

A. Validation of the EHFIM of PV Power Generation 

The PV power generation in Appendix B is taken as an 
example to verify the effectiveness of the EHFIM of PV power 
generation. Under different fault conditions, the measured 
values of the high-frequency impedance of PV power 
generation and the EHFIM of PV power generation are shown 
in Fig. 10. In Fig. 10, Rf represents the fault resistance, ABC 
and AB represent three-phase faults and two-phase faults, 
respectively. 

 
Under inverter control strategies of eliminating the negative-

sequence current (I-=0), suppressing active power fluctuation 
(P2ω=0), and suppressing reactive power fluctuation (Q2ω=0), 
the measured values of the high-frequency impedance of PV 
power generation and the EHFIM of PV power generation are 
shown in Fig. 11. 

 
It can be observed from Fig. 10 and Fig. 11 that when the 

frequency is greater than fL, measured values tend to be 
consistent with the EHFIM of PV power generation and are 
independent from fault conditions and control strategies. 

B. Performance of the Proposed Protection 

1)  Process of fault identification: First, a typical fault case is 
used to show the process of fault identification. When a metallic 
three-phase fault occurs at f2 of line MN, the protection is 
activated, and then the superimposed voltage and current in the 
5ms data window are intercepted. The intercepted 
superimposed voltage and current are decomposed into the 
frequency spectrum to obtain ΔUṀ(ω), ΔUṄ(ω), ΔIṀ(ω), and 
ΔIṄ(ω); then, ZM(ω) and ZN(ω) are obtained. According to the 
analysis in Section IV, the correctness of the ZM(ω) and ZN(ω) 
phases is the key to the correct fault identification and 
protection trip. Fig. 12 shows the measured and theoretical 
values of the -ZM(ω) and -ZN(ω) phases. The theoretical values 
are accurately calculated using the line distribution parameter 
model and load parameters. 
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Fig. 9. Flow chart of the proposed protection scheme. 
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Fig. 11. High-frequency impedances of PV power generation under different 
inverter control. (a) Amplitude of high-frequency impedance. (b) Phase of 
high-frequency impedance. 
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Fig. 12. Phase of high-frequency impedance on the M-side and N-side. (a) 
-ZM(ω). (b) -ZN(ω). 



In Fig. 12, the blue area represents the first quadrant. It can 
be observed from Fig. 12 that in the range of 1000 Hz to 2000 
Hz, theoretical and simulated values have same trends. When 
the frequency is close to 3000 Hz, due to the attenuation of the 
high-frequency components, there is a significant error between 
theoretical and measured values. At 4000 Hz, the error is further 
amplified due to the influence of the PWM carrier. From Fig. 
12, the frequency of the first change in the quadrant of -ZM(ω) 
is between 2400 Hz and 2600 Hz and that of -ZN(ω) is between 
2000 Hz and 2200 Hz. Therefore, fR in this case is 2000 Hz, 
which can ensure that both ZM(ω) and ZN(ω) are in the third 
quadrant. It should be pointed out that the change of -ZM(ω) 
phase between 2400 Hz and 2600 Hz is caused by measurement 
errors and high-frequency component attenuation instead of 
-ZM(ω) resonance. 

 
When metallic three-phase faults occur at f2, f4, and f5 of the 

line MN, ZM(ω) and ZN(ω) in the impedance plane are shown in 
Fig. 13. Only the upper limits of the frequency are marked in 
Fig. 13. It can be observed from Fig. 13 that the phase of the 
high-frequency impedance conforms to the analysis results in 
Fig. 8.  

In this paper, Zop(ω) and Zres(ω) at 1000 Hz are used to detect 
faults. The faults at f1 and f3 are considered to test the proposed 
protection performance during faults on the edge of line MN. 
Zop(ω) and Zres(ω) at 1000 Hz are shown in Fig. 14.  

 
Fig. 14 shows that when an internal fault occurs, Zop(ω) is 

greater than Zres(ω), and the fault is judged as an internal fault. 
In contrast, when an external fault occurs, Zop(ω) is less than 
Zres(ω), and the fault is judged as an external fault. Fig. 14 also 
shows the relationship between Zop(ω) and Zres(ω) when 
metallic two-phase faults occur. And the protection can also 
correctly identify two-phase faults. 

The data window of the proposed protection is a 5 ms data 
window, including 2.5 ms before the fault and 2.5 ms after the 
fault, as shown in Fig. 2. Considering the time of protection 

pickup, communication delay [25], and the time of data 
processing, the overall protection trip time is less than 5 ms, and 
the trip time of the power-frequency impedance differential 
protection proposed in [12] is less than 40 ms. Therefore, the 
trip time of the proposed protection in this study is less than that 
of the conventional method [12]. 

2) Effect of fault resistance: Fig. 15 shows amplitudes and 
phases of ΔUṀ(ω), ΔUṄ(ω), ΔIṀ(ω), ΔIṄ(ω), ZM(ω), and ZN(ω) 
during a metallic three-phase fault and a three-phase fault with 
50 Ω fault resistance occurring at f2. As observed from Fig. 
15(a)(b), amplitudes of the high-frequency fault voltage differ 
greatly under different fault resistance, and so does the high-
frequency fault current, which stems from that the existence of 
fault resistance changes the sudden change degree of the 
superimposed voltage and current. According to Section IV, 
ZM(ω) and ZN(ω) characterize the high-frequency impedance of 
the reverse or forward power grid, which is independent of fault 
resistance. Therefore, the amplitude and phase of ZM(ω) and 
ZN(ω) are little affected by fault resistance, which can be 
observed in Fig. 15(c)(d). 

 
When 50 Ω fault resistance exists, the fault identification 

results are summarized as shown in Table Ⅰ. Table Ⅰ shows that 
the proposed protection can still correctly distinguish between 
internal and external faults when 50 Ω fault resistance exists. 
Thus, the proposed protection has strong resistance to fault 
resistance. 
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Fig. 13. ZM(ω) and ZN(ω) of the FEP in case of internal and external faults. 
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Fig. 14. Fault identification results during internal and external metallic 
faults in line MN. 
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TABLE I 
IDENTIFICATION RESULTS OF INTERNAL AND EXTERNAL FAULTS WITH 50 Ω 

FAULT RESISTANCE  

Fault type 
Fault 

location 
Zop(ω) (Ω) Zres(ω) (Ω) 

Trip or 
not 

ABC 

f1 39.5 19.5 Yes 
f2 39.6 19.4 Yes 
f3 41.1 17.8 Yes 
f4 12.6 72.1 No 
f5 11.2 39.5 No 

AB 

f1 39.4 19.8 Yes 
f2 39.1 19.1 Yes 
f3 40.6 18.1 Yes 
f4 12.8 72.6 No 
f5 10.2 40.3 No 

 



3) Effect of fault time: Considering that metallic three-phase 
faults occur at f2 when the voltage phase at M-side is 0°, 45°, 
and 90°, the amplitudes and phases of ZM(ω) and ZN(ω) are 
shown in Fig. 16.  

 
In Fig. 16, φ represents the M-side voltage phase when the 

fault occurs. φ=0° indicates that the instantaneous value of M-
side voltage is at the zero-crossing point. And φ=90° indicates 
that the instantaneous value of M-side voltage is at the point of 
peak value. As observed in Fig. 16, ZM(ω) under different φ 
have similar amplitudes and phases, and so does ZN(ω). This 
gives Zop(ω) similar values under different φ, and so does 
Zres(ω), which is demonstrated in Table Ⅱ. Table Ⅱ reports the 
three-phase fault identification results with different fault time. 
As shown in Table Ⅱ, the proposed protection trips correctly. 
Thus, the fault time has little effect on the proposed protection. 

 
4) Effect of the position of fault time in the 5 ms data window: 

In this paper, when the sudden change point of superimposed 
voltage and current slides to the midpoint of the 5ms data 
window (i.e., 2.5 ms after the fault occurs), the superimposed 
voltage and current in the 5ms data window will be intercepted 
and used for spectrum decomposition and fault identification.  

 

Due to the possible error in the detection of fault time, the 
fault time may deviate from the midpoint of 5 ms data window, 
as shown in Fig. 17. Table Ⅲ reports the three-phase fault 
identification results with different positions of fault time in the 
5 ms data window. It can be seen that the position of fault time 
in the 5 ms data window has little effect on the proposed 
protection.  

 

C. Impact of Teed Feeders on the Proposed Protection 

Distributed PVs can be connected to the distribution network 
through teed feeders [10],[16]. Existing protection is difficult to 
adapt to this scenario [16]. The research in [12] proposed a 
multisource distribution network impedance differential 
protection scheme that used the power frequency voltage and 
current to obtain the restraining impedance Zres and the 
differential impedance Zdif, thereby solving the poor selectivity 
problem of multisource distribution network protection. When 
Zres is greater than Zdif, the fault is judged as an internal fault; 
otherwise, the fault is an external fault. 

 
When line MN (without teed feeders) and line AB (with teed 

feeders) experience internal faults, the fault identification 
results of method proposed in [12] is shown in Fig. 18. When 
there are no teed feeders in the line, the power-frequency 
impedance differential protection can correctly identify the 
internal fault; however, when the line contains distributed PVs 
with teed feeders, the protection proposed in [12] tends to 
malfunction. 

When line AB (with teed feeders) experience internal and 
external faults, the fault identification results of the proposed 
protection are shown in Table Ⅳ. Table Ⅳ shows that when the 
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ZM(ω) and ZN(ω). (b) Phase of ZM(ω) and ZN(ω). 

TABLE Ⅱ 
THREE-PHASE FAULT IDENTIFICATION RESULTS WITH DIFFERENT FAULT TIME 

φ Fault location Zop(ω) (Ω) Zres(ω) (Ω) Trip or not 

0° 

f1 39.2 21.7 Yes 
f2 42.0 21.3 Yes 
f3 42.3 20.0 Yes 
f4 10.5 74.2 No 
f5 9.6 40.1 No 

45° 

f1 38.3 19.6 Yes 
f2 41.8 20.1 Yes 
f3 43.2 18.6 Yes 
f4 12.4 73.5 No 
f5 10.0 41.0 No 

90° 

f1 38.0 19.0 Yes 

f2 42.3 20.3 Yes 

f3 43.2 18.2 Yes 

f4 12.6 73.0 No 

f5 10.0 40.6 No 
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Fig. 17. Different positions of fault time in the 5 ms data window. 

TABLE Ⅲ 
THREE-PHASE FAULT IDENTIFICATION RESULTS WITH DIFFERENT POSITIONS 

OF FAULT TIME 

Positions of fault time  
Fault 

location 
Zop(ω) 

(Ω) 
Zres(ω) 

(Ω) 
Trip or 

not 

At the midpoint of 
data window 

f1 38.2 18.8 Yes 
f2 42.0 21.3 Yes 
f3 42.4 18.1 Yes 
f4 10.5 74.2 No 
f5 9.6 40.1 No 

Leading 1 ms

f1 38.7 22.2 Yes 
f2 44.6 23.8 Yes 
f3 43.6 20.2 Yes 
f4 12.9 70.9 No 
f5 9.3 40.5 No 

Lagging 1 ms 

f1 38.0 17.5 Yes 

f2 41.3 19.4 Yes 

f3 42.9 17.6 Yes 

f4 11.2 69.0 No 

f5 10.7 40.1 No 
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Fig. 18. Results of the method proposed in [12] when an internal fault 
occurs. (a) Line MN. (b) Line AB. 



protected line with teed feeders experiences an external fault, 
the fault will be judged as an external fault after calculation, and 
an internal fault can also be identified correctly. It can be seen 
from Table Ⅳ that the proposed protection scheme can be 
adapted to the lines with teed feeders. 

 

D. Influence of PV Operation Modes and Control Strategies 

The PV operation modes and control strategies are flexible 
and changeable, and it is necessary to study the sensitivity of 
proposed protection to the PV operation modes and control 
strategies. When the PV is off-grid and on-grid with output 
power of 0.5 pu, the comparative results of Zop(ω) and Zres(ω) 
and the protection trip results during internal and external faults 
of line MN are shown in Table Ⅴ. 

 
When the PVs are off-grid, the fault high-frequency 

superimposed network will change. However, the internal and 
external fault characteristics have not changed, so the proposed 
protection still works normally. When the PVs are on-grid with 
output power of 0.5 pu, the fault high-frequency superimposed 
network is the same as that of 1 pu. As observed in Table Ⅰ-Ⅲ 
and Table Ⅴ, Zop(ω) and Zres(ω) with 0.5 and 1 pu have similar 
values. Thus, the proposed protection can still operate normally 
under different PV operation modes. 

When PV adopts PV control strategies of suppressing active 
power fluctuation (P2ω=0) and suppressing reactive power 
fluctuation (Q2ω=0), the comparative results of Zop(ω) and 
Zres(ω) and the protection trip results during internal and 
external faults of line MN are shown in Table Ⅵ. It can be seen 

that the proposed protection can trip correctly under different 
PV control strategies. The fault high-frequency superimposed 
network of the distribution network is less affected by control 
strategies; thus, the proposed protection can still operate 
normally under different PV control strategies. 

 

E. Impact of Noise on the Proposed Protection 

The signal-to-noise ratio of the measuring device is usually 
greater than 30 dB. The measured voltage and current during 
metallic three-phase faults occurring at f1-f5 are added to the 
white noise with 30 dB for noise tests. Due to the randomness 
of noise, 300 noise tests were performed, and the fault 
identification results are shown in Fig. 19. 

 
After the addition of noise with 30 dB, the proposed 

protection can still correctly identify the fault. Notably, the 
influence of noise on the protection is related to FEP. The lower 
the frequency, the greater the amplitude of the high-frequency 
fault voltage and current. Therefore, the lower FEP, the smaller 
the proportion of the high-frequency component caused by 
noise in the total high-frequency component, and the less the 
high-frequency impedance obtained by the high-frequency fault 
voltage and current is affected by the noise, so the proposed 
protection is less affected by the noise. 

VII. CONCLUSION 

To solve the existing problem in a distribution network with 
high PV penetration, this paper analyzes a fault high-frequency 
superimposed network with a PV distribution network and 
proposes a high-frequency fault analysis-based pilot protection 

TABLE Ⅳ 
IDENTIFICATION RESULTS OF THE INTERNAL AND EXTERNAL FAULTS OF LINE 

AB 

Fault type Fault location Zop(ω) (Ω) Zres(ω) (Ω) Trip or not 

ABC 
f6 46.6 29.5 Yes 
f7 12.7 76.0 No 
f8 14.3 38.9 No 

AB 
f6 46.6 29.3 Yes 
f7 12.9 75.7 No 
f8 14.0 38.7 No 

 

TABLE Ⅴ 
METALLIC FAULT IDENTIFICATION UNDER DIFFERENT PV OPERATION MODES 

PPV a 
(pu) 

Fault 
type 

Fault 
location 

Zop(ω) 
(Ω) 

Zres(ω) 
(Ω) 

Trip or 
not 

0(off-
grid) 

ABC 

f1 44.2 29.0 Yes 
f2 45.2 32.2 Yes 
f3 49.3 29.4 Yes 
f4 12.8 83.3 No 
f5 11.8 37.4 No 

AB 

f1 44.1 28.6 Yes 
f2 45.2 32.0 Yes 
f3 49.4 29.3 Yes 
f4 12.9 83.1 No 
f5 11.7 37.2 No 

0.5(on-
grid) 

ABC 

f1 38.2 19.5 Yes 
f2 39.6 22.2 Yes 
f3 43.5 18.7 Yes 
f4 11.9 71.0 No 
f5 11.7 37.2 No 

AB 

f1 38.0 19.2 Yes 
f2 39.6 21.9 Yes 
f3 43.5 18.5 Yes 
f4 12.0 70.4 No 
f5 11.7 36.9 No 

a PPV is the PV output power. 

TABLE Ⅵ 
METALLIC FAULT IDENTIFICATION WITH DIFFERENT PV CONTROL STRATEGIES 

Control 
strategy 

Fault 
type 

Fault 
location 

Zop(ω) (Ω) Zres(ω) (Ω) 
Trip 

or not 

P2ω=0 

ABC 

f1 38.1 19.0 Yes 
f2 39.7 22.2 Yes 
f3 43.3 18.3 Yes 
f4 11.9 71.0 No 
f5 11.8 37.2 No 

AB 

f1 38.0 18.7 Yes 
f2 39.7 22.0 Yes 
f3 43.3 18.1 Yes 
f4 12.0 70.7 No 
f5 11.7 37.0 No 

Q2ω=0 

ABC 

f1 38.9 19.0 Yes 
f2 39.7 22.3 Yes 
f3 43.1 18.2 Yes 
f4 11.8 71.0 No 
f5 11.8 37.3 No 

AB 

f1 38.8 18.7 Yes 
f2 39.7 22.0 Yes 
f3 43.2 18.1 Yes 
f4 12.0 70.6 No 
f5 11.7 37.0 No 
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Fig. 19. Noise test. (a) Three-phase fault. (b) Two-phase fault. 
 



scheme for a distribution network with high PV penetration. 
The contributions of this paper are as follows: 

1) The EHFIM of PV power generation and the calculation 
method of lower limit of frequency at which PV power 
generation can be equivalent to the EHFIM are proposed. On 
this basis, an analysis method of a fault high-frequency 
superimposed network is also proposed. This method is suitable 
for the fault analysis of other distribution networks with PVs. 

2) A high-frequency fault analysis-based pilot protection 
scheme for distribution networks with high PV penetration is 
proposed. The FEP can be obtained by integrating the 
information from inverter manufacturers and utility. 

3) A 5 ms data window is employed by the proposed 
protection scheme, which is much smaller than the response 
time of inverter control. Therefore, the proposed protection 
scheme has the advantages of a fast trip, low requirements for 
data synchronization, and immunity to inverter control and the 
PV operation mode. In addition, the proposed protection 
scheme can be applied to lines with teed feeders. 

Simulation results show that the proposed protection scheme 
can reliably identify internal and external faults and has strong 
resistance to fault resistance and noise interference. 

APPENDIX A 

With different switch on-off models of the inverter, the flow 
path of high-frequency fault current is different. Briefly, 0 or 1 
represents the on-off status of three bridge arms: 1 means that 
the upper bridge arm is on and the lower bridge arm is off while 
0 means that the upper bridge arm is off and the lower bridge 
arm is on. Therefore, there are 8 kinds of on-off models with 
three bridge arms, namely, 000, 001, 010, 011, 100, 101, 110, 
and 111. 

When a three-phase fault occurs in the distribution network, 
the flow path of high-frequency fault current in the 8 switch on-
off models is shown in Fig. 20. The red switch device represents 
that it is in the off state, and the green switch device represents 
that it is in the on state. There are three high-frequency fault 
current flow paths, as shown in the blue, green, and red paths in 
Fig. 20, and they can be summarized as shown in Fig. 4(a). 

When a two-phase fault occurs in the distribution network, the 
flow path of high-frequency fault current in the 8 switch on-off 
models is shown in Fig. 21. There are only three high-frequency 
fault current flow paths, which are shown as the pink, cyan, and 
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Fig. 20 High-frequency fault current flow paths with different switch on-off models during a three-phase fault. (a) 000. (b) 001. (c) 010. (d) 011. (e) 100. (f) 101. 
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yellow paths in Fig. 21, and they can be summarized as shown 
in Fig. 4(b).  

APPENDIX B 

In this study, an 8 MVA PV is assembled by eight 1 MVA 
PVs, and the parameters of each 1 MVA PV are shown in Table 
Ⅵ.
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