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Abstract 

The main protection principles of HVDC transmission lines are analyzed, and the contents 
of the research based on single-ended electrical transient protection and double-ended 
electrical transient protection technology are reviewed respectively. Among them, single-
ended electric quantity DC transmission line protection mainly introduces two kinds of 
different protection methods based on traveling wave protection and harmonic protection; 
The protection based on double-ended electric quantity mainly introduces four kinds of 
protection methods: amplitude comparison type, waveform similar type, polarity 
comparison type and control characteristics. The characteristics of HVDC transmission line 
protection and the problems existing in the actual operation are analyzed. At the same time, 
the subsequent research ideas and improvement schemes are given for these problems, and 
the development direction is prospected. 
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1. Introduction 

As the power grid develops toward high-voltage, long-distance, and large-capacity transmission, 

increasing the AC voltage level can no longer meet the needs of the current power grid, the unique 

advantages of HVDC transmission technology in economy and technology determine its wide 

application prospects in practice. China has a vast territory, complex geographical environment and 

uneven energy distribution, HVDC transmission has an absolute advantage over AC transmission in 

long-distance large-capacity transmission[1,2]. At present, the transmission line voltage level of 

China is up to 1100KV, and the total length of the transmission line can reach 3293Km (Changji-

Guquan ±1100 kV UHVDC transmission line project). The increase of the total length of the 

transmission line greatly increases the probability of power system failure. Therefore, it is necessary 
to further study the protection of HVDC transmission lines with reliable stability, fast response speed 

and absolute selectivity, so as to achieve the goal of stable and reliable operation of power system. 

HVDC transmission line protection principles mainly include two types of single-ended quantity 

protection and double-end quantity protection. The protection based on single-ended electric quantity 

generally adopts the method of traveling wave or harmonic transient quantity protection to identify 

the fault, and there are problems such as low tolerance of transition resistance and low discrimination 

of faults in and outside the area. If a reverse ground fault (dead zone fault) occurs on the DC bus of 
one side of the HVDC protection circuit, it is mostly a permanent fault and will be judged as a fault 

in the area by the single-ended protection on the opposite side. After the system delays, it will start 

again, causing secondary impact on the equipment[3]. Therefore, if a way to accurately identify the 

remote high-resistance fault and improve the accuracy of fault identification can be found, the fast 
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protection based on single-ended electrical quantity transient can be achieved. The longitudinal 

protection based on double-ended electric quantity has the advantage of being able to effectively 

detect the high-resistance fault of the line, but it is susceptible to the transient current generated by 

the distributed capacitance of the line, it is necessary to ensure the reliability of the protection through 

long delay, which greatly affects the speed of protection. Therefore, if the method of eliminating the 

distributed capacitance current and shortening the protection long delay can be found, the longitudinal 

protection can play the role of backup protection. 

2. HVDC Transmission Line Protection Based on Single-ended Electrical 

Quantity 

Based on the single-ended electrical quantity HVDC transmission line transient protection, by using 

the physical boundary elements composed of the DC filter and the smooth wave reactor, which are 

indispensable for the HVDC transmission system, have some inherent characteristics to realize the 

protection of the transmission line. The protection based on the single-ended quantity can realize the 

protection of the full length of the line by measuring the electrical quantity measured by the protection 

device of the rectification measuring device. It does not need to consider the transmission and 

synchronization of the double-ended data, and the principle is feasible and economical, and it has a 

good application prospects. Transient protection based on single-ended electrical quantities can be 
divided into traveling wave type and harmonic type. The traveling wave type line protection principle 

is mainly realized by the propagation characteristics of the traveling wave of the line; the harmonic 

line protection principle realizes the protection of the line according to its harmonic characteristics. 

2.1 Traveling Wave Type Single-ended Electrical Quantity Transient Protection 

For bipolar DC lines on the same pole, the two-pole line has electromagnetic coupling. When a pole 

fails, the transient voltage and current on the two-pole line will contain high-frequency energy of 

similar size[4]. Analysis of the amplitude-frequency characteristics of the actual physical boundary 

of the HVDC transmission line shows that the physical boundary has a retarding effect on the high-

frequency signal[5], which provides a feasible way to solve the problem that the high-frequency 

energy is not easy to establish the criterion. Based on the research in [5], the literature[6]proposed 
different solutions for the appeal issue. In[6], the fault identification criteria of the region and the 

outside are constructed by calculating the ratio of the high frequency wavelet energy and the low 

frequency wavelet energy in the transient voltage. This method can theoretically identify internal and 

external faults, but the ability to resist high transition resistance is not strong. Literature [7] uses polar 

wave information entropy to quantitatively describe, analyze and estimate the fault characteristics of 

whether high frequency information is reduced, and to realize the identification of internal and 

external faults by calculating information entropy. The method can effectively identify the fault, and 

has strong ability to withstand the transition resistance, and can correctly identify the faults in the 

area and outside in the case of the remote high-resistance fault. In[8], the multifractal theory is used 

to analyze the difference of the geometrical characteristics of the line mode voltage in the internal 

fault or in the external fault, the fault determination of the area inside and outside the region is realized 
by calculating the multi-fractal spectrum of the internal and external faults, which has a strong ability 

to resist the transition resistance. 

In[9], the attenuation effect of the line on the signal is studied, the morphological multi-resolution 

morphological gradient (MMG) transform is used to extract the polarity information of the fault 

transient current signal at the sudden change point, combining the difference of the high-frequency 

signals in the frequency domain, the morphological spectrum of the fault transient current is realized, 
and the identification outside the protection side area and the opposite side area is realized. This 

method can reliably identify the internal and external faults of the zone, and the magnitude of the 

transition resistance does not affect the validity of the criterion. Reference [10] uses the polarity of 

the fault current change and the difference between the instantaneous frequency maximum and the 

threshold ratio to achieve single-ended protection of the HVDC transmission line. 
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Substation ground stray capacitance, parallel type reactive power compensation equipment, etc. have 

attenuation effect on the modulus signal [11], and the literature[12] realizes fault identification 

according to the degree of reduction of the ground mode polar wave. Literature [13] analyzed the 

smaller the sampling step, the greater the difference of differential voltage in the case of internal and 

external faults, the higher the sensitivity of protection, and proposed a new type of traveling wave 

protection of HVDC transmission line based on small step length sampling. However, the smaller the 

sampling step size, the higher the sampling rate, which is likely to affect the measuring instrument. 
The method is proposed under ideal conditions, and does not consider the influence of many factors 

such as white noise in actual engineering, and lacks practical engineering experience, which still 

needs to be studied deeply by scholars. Literature [14] quantitatively analyzes the difference of 

waveforms between faults in the region and outside from the perspective of the signal's catadioptric 

propagation process and the traveling wave transfer function. The method of establishing the time-

domain spectrum matrix is proposed to identify the faults inside and outside the area, the method of 

establishing time spectrum matrix and calculating spectrum similarity is proposed to identify the 

internal and external faults, which provides a new idea for the practical application of traveling wave 

protection, and is worthy of further exploration. 

2.2 Harmonic Single-ended Electrical Quantity Transient Protection 

Literature [15] uses the fluctuation coefficient to describe the fluctuation of the current waveform, 
and calculates the fluctuation coefficient of the characteristic harmonic current to realize the fault 

identification. The HVDC transmission system using twelve-pulse converters has a very small 

resistance value at 12K harmonics, when the internal fault occurs, the harmonic current fluctuation at 

the frequency of 600Hz is obvious, while when the external fault occurs, the harmonic fluctuation of 

the frequency is small due to the filtering effect of the DC filter. The method overcomes the defect 

that the single-end frequency point electrical quantity and the frequency band electrical fault 

discrimination method cannot reliably distinguish the end of the line and the fault outside the line. It 

has strong anti-transition resistance and anti-lightning interference ability and has important reference 

significance for the research of actual DC line main protection. 

2.3 Research Difficulties and Suggestions 

From the simulation results, the single-ended electrical quantity protection of the DC line of the 

traveling wave type and the harmonic type can better meet the protection requirements. However, in 

HVDC transmission lines, traveling wave protection has problems such as difficulty in traveling wave 

head capture, serious attenuation of signal on transmission line, low tolerance to transition resistance, 

low sensitivity, large amount of simulation for fixed value setting, and low fault tolerance, as well as 

the influence of noise interference, especially lightning interference and the interference of each 

harmonic. The use of harmonic protection also has problems such as difficulty in harmonic extraction 

and insufficient engineering application experience. Therefore, HVDC transmission line protection 

based on single-ended electrical quantity still needs further research and further improvement by 

scholars. 

As far as the current practical application of engineering is concerned, there are certain differences in 

the application of traveling wave transient protection technology. ABB traveling wave protection 

emphasizes the application of polar wave and mulch wave, while SIEMENS traveling wave 

protection pays more attention to the voltage change rate as the basis for judgment, and at the same 

time pays attention to maintaining its variable within 10ms, thus realizing the effective identification 

of fault information. In these two types of traveling wave protection applications, SIEMENS traveling 

wave protection is characterized by slower protection than ABB traveling wave protection, but 

SIEMENS traveling wave protection has the advantage of enduring 3% interference noise in the 
application process [16]. At the same time, both the voltage change rate of the traveling wave 

protection of SIEMENS, and the polar wave and the variation rate of the ground film wave of ABB 

traveling wave protection have the disadvantages that the internal or external faults can not be reliably 

identified. As far as the current theoretical research is concerned, many scholars have proposed to use 
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the characteristic of boundary element, which can block the high-frequency signal, to realize fault 

type identification. However, whether using the boundary element spectral energy analysis, or using 

wavelet transform to obtain the difference of wavelet energy at different scales to realize fault 

discrimination, a large number of simulation analysis is needed to achieve the setting of the threshold 

value, and the adaptability of different DC systems varies. Reliable fault identification can be 

achieved by using information entropy, waveform similarity or sampling with smaller steps, but those 

methods use complex mathematical methods for analysis and judgment, the utility is not good and 
the hardware requirements are high. However, with the continuous development of modern hardware 

and software technology, it is a direction for the development of DC protection devices in the future. 

In the existing research, the application of waveform matching or image processing is one of the 

hotspots, and the application of image processing can effectively overcome the defects of the existing 

single-end method based on local fault information, and can get rid of the technical dependence on 

the accurate detection of traveling wave head and modulus wave velocity, Which is also a 

development direction of future research. 

3. HVDC Transmission Line Protection Based on Double-ended Electrical 

Quantity 

Based on the double-ended electric quantity HVDC transient protection, that is, the longitudinal 
differential protection. the communication device is used to longitudinally connect the protection 

devices at both ends of the transmission line, and the electrical quantities at both ends are compared 

to obtain the fault characteristics, and judge whether the protection is active or not. The line 

longitudinal differential protection is mainly used as backup protection for HVDC transmission lines. 

When the transmission line fault occurs, in order to avoid the influence of distributed capacitance 

current on the transmission line, the differential protection needs to wait for the transient process to 

disappear before the protection criterion can function. At this time, the differential protection needs 

to be locked for 600ms, and the exit delay is 500ms to avoid the out-of-zone fault. Therefore, the 

minimum delay of the differential protection is 1.1s [17]. At this time, the low voltage protection or 

the maximum firing angle protection action of the rectification side pole control center will block the 
fault pole, so the differential protection often does not play the role of backup protection. Therefore, 

if the method of eliminating the distributed capacitance current and shortening the protection long 

delay can be found, the longitudinal protection can play the role of backup protection. Transient 

protection based on double-ended electrical quantity can be divided into traveling wave amplitude 

comparison type, traveling wave waveform similarity type and traveling wave polarity comparison 

type. 

3.1 Amplitude Comparison Type Transient Protection 

In [18], the boundary element is used to block the signal in a specific frequency band, and a boundary-

based transient energy protection scheme is proposed, which realizes fault discrimination according 

to the energy difference of AC signal. The protection fully considers the influence of the high-

frequency transient signal, and the selected frequency band is low, which is easy to implement in 
hardware and strong in anti-interference ability. 

The literature [19] points out that in the time when the wave transmission time does not exceed  ( is 

the time used to transfer the traveling wave from one end of the line to the other end), when the 

internal or external faults occurs, the difference between the amplitude of the reverse wave detected 

by the rectifier side and the inverter side is obvious, the ratio of the amplitude of the back-wave of 

the two ends of the transmission line can be used to distinguish the internal or external faults. In [20], 
a longitudinal protection method for transmission lines based on the difference in amplitude of 

measured wave impedance is proposed. The method uses the S-transform to extract the initial voltage 

and current traveling wave, and then calculates the measured wave impedance to achieve the purpose 

of effectively identifying the internal and external faults. The protection method requires a short data 

window, does not need to transmit the electrical quantity sampling value in real time, greatly reduces 
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the communication amount, and is not affected by the control system to a certain extent, and can 

adapt to the existing communication means. It has strong resistance to transition resistance and has a 

basis for setting the protection threshold. 

3.2 Waveform Similarity Type Transient Protection 

The literature [21] realizes the discrimination of the internal and external faults by calculating the 

similarity between the waveform of one side forward wave and the other side backward wave. The 

method can quickly identify faults, and is suitable for DC transmission projects of different voltage 
levels. However, the essence of calculating similarity is to distinguish the difference of data from the 

direction, if the data were disturbed, especially in the engineering practice, there were a large amount 

of radio interference caused by corona discharge, etc., and the calculation error of similarity were 

very large. Its anti-interference ability is poor, and it is easy to misjudge. 

In [22], the longitudinal protection of HVDC transmission lines based on current waveform matching 

at a specific frequency is proposed, and uses waveform matching algorithm to calculate the matching 

error tectonic region internal and external fault identification criteria. The sampling rate requirements 
are low, which avoids the accurate calculation of harmonic current phase, and overcomes the defects 

that can not reliably distinguish the end of the line and the fault outside the area by using the value of 

the electrical quantity of a certain frequency band. Based on the research in [22], the literature 

[23]uses the difference in impedance characteristics of DC lines and boundaries in different frequency 

bands to achieve fault identification. The method can accurately and reliably realize the fault 

identification of the DC line, has strong resistance to transition resistance, and has certain adaptability 

to changes of system parameters. The literature [24] introduces the scanning method to achieve 

waveform matching, and uses the Hausdorff distance as the protection criterion to realize the rapid 

protection of the DC transmission line. In view of the existing differential protection, there is a 

problem of protecting the dead zone. this method analyzes the defects of distributed capacitance 

compensation scheme is complicated in calculation and can not realize the precise protection of line 
length, and puts forward the fast longitudinal protection scheme that can fully cooperate with 

traveling wave protection, and realize the locking of traveling wave protection in the event of fault in 

the dead zone, which can be used as a fast backup protection scheme for the existing traveling wave 

protection. The protection scheme can accurately and quickly identify dead zone faults, but the 

method still needs to be improved for the failure of some dead zones. 

3.3 Polarity Comparison Type Transient Protection 

The literature [25,26,27,28,29] uses the difference in the polarity of the current mutation of the two-

pole line when the fault occurs, the polarity characteristics of the current mutation are reflected by 

means of the angle cosine similarity [25] and the maximum value of the stationary wavelet transform 

mode [26], and the fault identification is realized. Compared with the existing protection composed 
of specific harmonic mutations in high frequency components, the fault characteristics of HVDC 

transmission lines can be reflected in essence. 

In [30], a longitudinal protection scheme based on the difference of impedance angle at peak 

frequency is proposed, which has the advantages of being unaffected by distributed capacitance 

current, good resistance to transition resistance, low sampling rate requirement and easy engineering 

implementation. However, for different control systems, there may be one or more peak frequency 

points. If the peak frequency occurs in the low frequency band or the high frequency band, the method 
has a large error and is not applicable. 

Literature [31] uses the difference of phase characteristics of wave impedance in a certain frequency 

range to realize internal and external faults identification, which has better ability to withstand 

transition resistance, low sampling rate and system synchronization requirements, and can adapt to 

the requirements of existing communication means. However, the protection method cannot identify 

the lightning strike interference and the lightning strike fault, and needs to be matched with the 

lightning strike interference identification component. 
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3.4 HVDC Transmission Line Protection Based on Control Characteristics 

When the line fails, because the low voltage limiting link of the control system constantly adjusts the 

fixed current control value, which makes the line current fluctuate continuously. At this time the 

current differential protection is locked because of the fluctuation of the line current, so there is no 

backup protection effect on the line high resistance fault. This is the inherent effect of HVDC 

transmission line control system on line failure [17]. Literature [32] on the basis of the distributed 

parameter model, fault identification is realized by using the characteristics that whether the current 

is related to the fault branch current or not. The method theoretically eliminates the influence of 
distributed capacitance current caused by DC voltage variation during fault transient and load 

adjustment, and has high sensitivity. However, the protection principle is based on the data 

synchronization at both ends, and the communication requirements are high. Based on the full 

consideration of the influence of the control system, the literature [33] uses the current deviation mean 

characteristics of the two-sided control system to identify the fault, without capacitor current 

compensation, and has better operational characteristics, but the protection criterion has strong 

dependence on the control characteristics, which need to improve the partial control characteristics. 

Therefore, improving the control characteristics of the DC system is also a major direction of existing 

research. 

3.5 Research Difficulties and Suggestions 

Theoretically, the longitudinal differential protection is based on the concept of AC transmission line 
protection, and the electrical quantity at both ends of the DC line is utilized, and can realise the 

absolute protection. In the existing engineering, the longitudinal protection of the DC line utilizes the 

summation or difference of the electrical quantity of the two ends to construct the differential criterion, 

which can satisfactorily meet the accuracy requirements, but can’t meet the rapid requirements. As 

the backup protection of DC line, longitudinal differential protection is absolutely selective and 

resistant to transition resistance, which can theoretically eliminate the protection of dead zone, but 

the protection delay caused by distributed capacitance current is an urgent problem to be solved at 

the current stage. Therefore, in order to further improve the sensitivity of the differential protection 

of the HVDC transmission line, protection measures to reduce or eliminate the influence of the 

capacitor current should be adopted. Some scholars have proposed different solutions to this problem: 
1) using the distributed parameter model to eliminate the influence of distributed capacitance current 

[32]; 2) using distributed capacitance compensation method [34]. However, these methods also have 

the complexity of calculation, and can’t achieve accurate compensation for the full length of the line 

and other shortcomings. The longitudinal protection has high requirements on the real-time and 

accuracy of the double-ended communication. When the millisecond-level timing error occurs, the 

protection will be mis-operated, however, in order to meet the accuracy of differential protection 

action, the way to improve the performance of the supporting communication network has great 

difficulties from both economic and technical perspectives, which is a research direction of 

researchers. 

At the same time, many scholars have also proposed the application of different algorithms and 

artificial intelligence algorithms to achieve protection. Whether using amplitude, waveform similarity 

and polarity analysis, it is necessary to test a lot of simulation analysis, and its adaptability to different 

DC systems varies, the operation is complex, and the hardware equipment requirements are high. 

However, with the continuous development of modern software and hardware technology, it is a 

direction for the development of future protection devices. The method of using the control 

characteristics to realize the longitudinal protection can achieve reliable fault identification, but the 

protection criterion has strong dependence on the control characteristics, and some control 

characteristics need to be improved, which also provides a new idea for the improvement of the 
control system. The method of using intelligent algorithm is also a hotspot in the current research, the 

application of neural network in Intelligent power system provides a feasible scheme for the 
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identification of remote high resistance fault, although its feasibility and reliability still need to be 

tested, but it is still a development direction of future research. 

4. Research and Prospects 

Rapidity, selectivity, sensitivity and reliability are the basic requirements of power system for relay 

protection, and the research on fault identification principle of DC system must follow this basic 

principle. Although a large number of studies have been carried out by scholars at home and abroad, 

the rapidity and selectivity of DC system fault identification have not been well solved. From the 

existing research results, the theoretical research on HVDC transmission line protection based on 

single metric and double metric is mature and has been applied in practice, but there are still some 

problems to be solved urgently. 

(1) Accurate extraction of traveling and harmonic signals is difficult. 

(2) It is difficult to identify the remote high-resistance fault. 

(3) The inherent effects of control characteristics. 

With the rapid development of artificial intelligence, the neural network model with high self-

adaptability and continuous learning ability is the main research direction for the development of 

HVDC Transmission System Protection theory in the future. Although the current theory of neural 

network protection still stays in the theoretical analysis stage, its safety, reliability and sensitivity 
need to be further tested, its successful application in other fields proves its feasibility in practice. At 

the same time, as many new materials are continuously applied in the field of power systems, the 

difficulties in HVDC transmission line protection at this stage can be fundamentally solved. For 

example, with the application of GTO, IGBT and other shut-off switches, flexible HVDC 

transmission technology came into being. The flexible HVDC transmission technology adopts the 

voltage source converter, which mainly utilizes IGBT switch and pulse width modulation technology, 

effectively avoids the problem of phase change failure and eliminates the converter 

transformer[35,36]. The development of the power grid aims to achieve reliable, safe, economical, 

efficient, environmentally friendly and safe use of the power grid. The development of the future 

power grid is bound to develop in the direction of high automation and high intelligence, and HVDC 

technology will inevitably play a vital role in large-area networking and long-distance transmission. 
At present, the HVDC transmission line protection theory still needs to be improved and strengthened, 

still need researchers to continue to mainstay forward, pioneering and innovative. 
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