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A B S T R A C T   

Fast, sensitive, and selective protection principles are one of the major challenges in the feasibility of modular 
multi-terminal (MMC) high voltage direct current (HVDC) grids. Rate of change of voltage (ROCOV) and 
transient-based solutions are the traditional and widely accepted protection principles. Despite the speed and 
practicality of these solutions, they generally suffer from sensitivity and selectivity issues, particularly when 
dealing with high-resistance faults and low-size current limiting inductors (CLIs). To improve upon these 
methods, this paper proposes a new primary protection method that utilizes a selective drop rate of fault- 
generated voltage traveling waves (TW) to detect internal DC line faults. This is achieved by a comprehensive 
analysis of the line-mode fault-generated voltage (LFGV) under various internal and external fault scenarios. As 
the key fault characteristics, the proposed method exploits the minimum points of initial LFGV and the corre-
sponding time to form the basis of the proposed protection method. The effectiveness of this approach is eval-
uated using a four-terminal MMC-HVDC grid in PSCAD/EMTDC. Compared to ROCOV and transient-based 
solutions, the proposed method identifies internal faults up to 1250 Ω with fast response, while maintaining its 
practicality and independence to CLI size.   

1. Introduction 

Over the past decades, the application of MMC-HVDC transmission 
lines has been steadily rising due to the fast development of power 
electronics and the increasing demand for electrical energy (Sun et al., 
2023). This technology can be exploited as a cost-effective solution for 
power transmission over long distances, e.g., from offshore wind power 
parks to the coast, and the interconnection of two grids with different 
frequencies. 

Aside from these advantages, the limited fault-ride-through capa-
bility of MMC-HVDC systems and the vulnerability of their converters to 
devastating discharging fault currents are known as their main limita-
tions. In such systems, it is essential to isolate only the faulty line/section 
of the system so that the remaining healthy sections can maintain their 
operation. Therefore, providing a fast, sensitive, and selective protection 
principle to ensure reliable system operation is extremely crucial (Sun 
et al., 2023; Chandio et al., 2023). 

Generally, HVDC protective schemes can be divided into two major 

categories; primary and backup methods. Primary solutions use locally 
provided measurements for protective purposes, while double-ended 
measurements via a communication link are deployed in backup 
methods. Rate of change of voltage (ROCOV) and rate of change of 
current (ROCOC) based methods, with simple structure and fast 
response, are the most widely used primary protection schemes (Sneath 
et al., 2016; Leterme and Beerten, 2016). However, these methods have 
reliability issues in detecting high resistance faults, which limit their 
application. Other primary methods have been presented using voltage 
change rate of current limiting inductors (CLIs) (Li et al., 2017; Li et al., 
2018; Liu et al., 2017). Although these methods show better overall 
performance in comparison to ROCOV and ROCOC, their performance 
depends highly on the CLI level, i.e., inaccurate performance has been 
reported in HVDC systems with small CLI (Jovcic et al., 2018; Saizhao 
et al., 2021). 

Traveling wave (TW)-based methods are promising primary protec-
tive solutions with fast and accurate responses (Zhang et al., 2021; Li 
et al., 2020a; Yu et al., 2021Lan et al., 2021; Zhang et al., 2022). The 
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approach presented in Zhang et al. (2021) relies solely on timing char-
acteristics of the voltage TWs to distinguish internal faults and requires 
high sampling frequency, facing difficulties when dealing with 
high-resistance external faults. The works presented in Li et al. (2020a) 
and Yu et al. (2021) adopt new directional criteria based on TWs for 
internal fault detection. These methods are categorized as pilot pro-
tections since they rely on measurements from both sides of the line. 
Nevertheless, they suffer from slower fault detection speed and potential 
reliability issues of the communication link compared to primary solu-
tions. Alternative TW-based methods like those proposed in Lan et al. 
(2021) and Zhang et al. (2022), aim to provide more robust solutions for 
dealing with high-resistance faults. However, they lack supporting the 
entire length of the transmission line (Lan et al., 2021) and complex 
structure, requiring extensive data samples for calculations (Zhang 
et al., 2022). In (Zhang et al. 2019; Li et al., 2019) and Xiang et al. 
(2019), Wavelet-transform (WT) based protection principles by 
comparing the frequency response differences of TWs during internal 
and external faults have been presented. Apart from promising perfor-
mance, the analytical approach and the maximum fault detection 
capability in these methods are relatively low. By focusing on the 
frequency-domain characteristics of TWs, an ultra-high-speed protection 
scheme has also been proposed in Saleh et al. (2020), which requires a 
very high sampling frequency. Employing an estimation of fault resis-
tance, a new protective method is introduced in Yu et al. (2023a), 
despite the slower protection speed due to fault location dependency. In 
Lan et al. (2022), a WT-based protection method with a low computa-
tional burden has been adopted. However, this method can be vulner-
able to environmental noise. 

To enhance the sensitivity and selectivity of primary protection 
methods, pilot protection principles are implemented as the backup 
schemes, e.g., current differential protection (Li et al., 2009; Wang et al., 
2021). However, the high dependency of the current differential 
method’s performance on distributed capacitance of the transmission 
line is known as its main shortcoming. This conventional method has 
been enhanced by defining other variants of the current differential 
protection (Chu, 2019; Li et al., 2020b). Utilizing this new criterion, the 
effect of distributed capacitance on the method’s performance is miti-
gated and the fault detection response is enhanced (Zhang et al., 2023). 
However, these methods are generally complicated, and the computa-
tional burden makes them technically hard to implement in practice. 
Other researchers have focused on adopting protective methods based 
on under-fault transient energy ratio and specific frequency current of 
DC filters (Dai et al., 2020; Zaang et al., 2019) as well as the behavior of 
characteristic harmonic impedances (Marvasti et al., 2020). The reali-
zation of these methodologies is still limited in practice, especially for 
MMC-HVDC grids due to their high dependency on DC line filters. The 
works of (Wang et al., 2019; Farshad, 2021; Yu et al., 2023b) adopt 
protection methods based on similarity measures of voltage TWs as pilot 
protective principles with high sensitivity and selectivity. However, 
tightly synchronized data is necessary for reliable operation of Wang 
et al. (2019) and Farshad (2021). 

According to the literature, ROCOV-based methods, while effective 
up to a certain fault resistance (e.g., 100 ohms), exhibit reduced reli-
ability beyond that point, making it challenging to distinguish between 
external low-resistance and internal high-resistance faults. Furthermore, 
other transient-based methods heavily rely on the CLI size for reliable 
operation and can lose sensitivity and selectivity under high-resistance 
faults. To address these limitations, this study enhances the well- 
known ROCOV and transient-based protection principles in terms of 
sensitivity and selectivity. To this end, an extensive analytical analysis of 
LFGV, by improving the presentation of modal propagation function and 
modal wave impedances, is conducted to identify the areas for 
improvement. An in-depth analytical study reveals the key factors 
responsible for the distinct behavior observed under internal and 
external faults. Leveraging these insights, a significant enhancement to 
the traditional ROCOV and transient-based methods is proposed, which 

relies on the selective voltage drop rate of LFGV within a specific time 
window. Accurate consideration of the data window for extracting the 
minimum point of the LFGV and applying a new criterion based on the 
selective drop rate of voltage are the main features of the proposed 
protection method. The proposed method, primarily developed to 
operate within the initial fault-generated TW, offers the following key 
contributions:  

• Improved sensitivity and selectivity compared to the traditional 
ROCOV and transient-based solutions, surpassing even some of the 
recent TW-based methods.  

• Thorough and improved analytical investigation of LFGV to support 
the proposed method.  

• Using analytical calculations to significantly facilitate the process of 
protective threshold determination and improve the adaptability of 
the proposed solution. 

These features and the performance of the proposed protection 
method are validated using a four-terminal MMC-HVDC grid, simulated 
in PSCAD/EMTDC. 

The remainder of the paper is organized as follows. The basic theory 
of fault TWs and the analytical extraction of LFGV are presented in 
Section 2. The proposed protection method is elaborated in Section 3. 
The performance of the proposed method is assessed under various fault 
scenarios in Section 4. Further analysis regarding the robustness of the 
presented method is then provided in Section 5, and finally, the 
concluding remarks are presented in Section 6. 

2. Fault-generated voltage traveling wave 

A four-terminal ±500 kV MMC-HVDC transmission line, employing 
half-bridge (HB) converters, is considered the investigated system. This 
grid is chosen to investigate the behavior of LFGV under different fault 
scenarios. The outcomes of these investigations serve as the basis for 
establishing the proposed protection method. The schematic diagram of 
the test system and its parameters are presented in Fig. 1 and Table 1, 
respectively. 

The HVDC system simulated in PSCAD/EMTDC utilizes four 300 km 
overhead transmission lines, modeled by the frequency-dependent line 
parameters. The CLIs are employed to lower the requirement on the DC 
protection (Chen et al., 2022). Measurement units and protective relays 
are installed at both ends of each line indicated by R1–R4 and R’

1–R’
4. The 

performance of the proposed method is assessed under different internal 
and external faults at various locations, indicated by f1–f5. The cases 
include single pole-to-ground (SPG), i.e., positive pole-to-ground (PTG) 
and negative pole-to-ground (NTG) faults, as well as pole-to-pole (PTP) 
faults. 

2.1. Traveling wave theory 

As broadly discussed in many studies, transmission lines can be 
modeled with a distributed equivalent circuit as follows (Liu et al., 
2023): 
⎧
⎪⎪⎨

⎪⎪⎩

δu(x, t)
δx

+ Ri(x, t) + L
δi(x, t)

δt
= 0

δi(x, t)
δx

+ Gu(x, t) + C
δu(x, t)

δt
= 0

(1)  

where R, L, G, and C are the resistance, inductance, conductance, and 
capacitance per unit length of the transmission line, respectively. Due to 
the coupling effect between the lines of a bipolar HVDC system, the 
electrical quantities of the system should be decoupled to improve the 
effectiveness of the fault analysis. The decoupling process can be per-
formed using a decoupling matrix as expressed in (2): 
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[
u0
u1

]

=
1̅
̅̅
2

√

[
1
1

1
− 1

][
up
un

]

,

[
i0
i1

]

=
1̅
̅̅
2

√

[
1
1

1
− 1

][
ip
in

]

(2) 

In this expression, positive and negative pole voltages (up and un) and 
currents (ip and in) are resolved into their equivalent zero- (u0 and i0) and 
line-mode (u1 and i1) components (Liu et al., 2023). After decoupling the 
electrical quantities, the general solution for the zero- and line-mode DC 
voltages and currents can be expressed as follows: 
{

U0(x) = Uf 0e− γx + Ub0eγx

I0(x) = If 0e− γx − Ib0eγx
,
Uf 0

If 0
=

Ub0

Ib0
= Zc0

{
U1(x) = Uf 1e− γx + Ub1eγx

I1(x) = If 1e− γx − Ib1eγx
,
Uf 1

If 1
=

Ub1

Ib1
= Zc1

(3)  

where U and I represent voltage and current, respectively. Subscripts “0” 
and “1” refer to zero- and line-mode components, respectively. Sub-
scripts “f” and “b” stand for forward and backward TWs, respectively. 
Zc0, and Zc1 are also the zero- and line-mode wave impedances, 
respectively. Finally, γ is the propagation constant. 

2.2. Fault-generated voltage at fault point 

During PTG faults, the variation of the zero- and line-mode voltage at 
the fault position can be expressed as follows (Zhang et al., 2012): 

Δuflt,0 =
−

̅̅̅
2

√
Udc.Z0

s
(
Z0 + Z1 + 2Rf

),Δuflt,1 =
−

̅̅̅
2

√
Udc.Z1

s
(
Z0 + Z1 + 2Rf

) (4)  

where Udc is the rated DC voltage of the line and Rf is the fault resistance. 
Furthermore, Z0 and Z1 are the Thévenin-equivalent zero- and line-mode 
impedances observed from the fault location, respectively. Similarly, the 
zero- and line-mode voltage variations under NTG faults can be given as: 

Δuflt,0 =

̅̅̅
2

√
Udc.Z0

s
(
Z0 + Z1 + 2Rf

),Δuflt,1 =
−

̅̅̅
2

√
Udc.Z1

s
(
Z0 + Z1 + 2Rf

) (5) 

For PTP faults, the zero- and line-mode voltage waveforms can be 
expressed as follows: 

Δuflt,0 = 0 , Δuflt,1 =
− 2

̅̅̅
2

√
Udc.Z1

s
(
2Z1 + Rf

) (6) 

According to the equations, the line-mode component has lower 
attenuation constant, higher wave velocity and exists under all fault 
types. Therefore, LFGV is adopted for the design of the proposed non- 
unit protection method based on fault-generated voltage TW. In this 
perspective, first, the frequency-domain expression of LFGV at the fault 
point and then at the terminal R1 under internal and external faults is 
precisely formulated. Afterwards, the time domain response of LFGV is 
extracted using the inverse Laplace transform to fully investigate the 
fault characteristics. Finally, a new protection method is proposed based 
on the time-domain analysis. This criterion is detailed for various fault 
scenarios in the next subsections. 

2.3. LFGV at R1 in case of internal faults 

To derive the frequency-domain expression of the LFGV at terminal 
R1 under an internal fault (f1 in Fig. 1), the equivalent line-mode circuit 
of the system at the fault point should be closely analyzed (Fig. 2). 

When internal fault occurs, the generated LFGV from the fault point 
propagates along the transmission line. As shown in Fig. 2, the rela-
tionship of LFGV at the fault point (Δuflt,1) based on the fault type can be 
expressed by Eqs. (4)–(6) wherein Z0 and Z1 are determined as follows: 
{

Z0 = Zl0||Zr0 = Zc0/2
Z1 = Zl1||Zr1 = Zc1/2 (7)  

where Zl0 and Zr0 are the zero-mode, and Zl1 and Zr1 are the line-mode 
wave impedances seen from the fault point to each side of the line. 
Assuming the forward direction from the fault point and DC terminals to 
the transmission line, these impedances can be derived from Eq. (3) as 
follows: 
{

Zl0 = Ufl0
/

Ifl0 = Zc0
Zr0 = Ufr0

/
Ifr0 = Zc0

,

{
Zl1 = Ufl1

/
Ifl1 = Zc1

Zr1 = Ufr1
/

Ifr1 = Zc1
(8)  

where Ufl0 and Ufr0 are the fault-generated zero-mode forward voltages 
propagating to each section of the line. Also, Ufl1 and Ufr1 are the cor-
responding line-mode counterparts. Similarly, the fault-generated zero- 
mode forward currents are shown by Ifl0 and Ifr0, whilst Ifl1 and Ifr1 are 

Fig. 1. Schematic diagram of the MMC-HVDC test grid.  

Table 1 
Parameters of the four-terminal MMC-HVDC grid.  

System parameters MMC1, MMC2, MMC3, and MMC4 

Rated power (MW) 2000 
Rated DC voltage, Udc (kV) ±500 
Rated AC voltage (kV) 400 
CLI (mH) 200 
Converter arm inductor (mH) 40 
Number of submodules per arm 200 
Submodule capacitance (μF) 8000  
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the corresponding line-mode counterparts. 
After being generated at the fault point, LFGV propagates along the 

line and is consequently affected by the propagation function before 
reaching the line inductive end (R1). At this point, the traveling wave is 
partially reflected to the transmission line and refracted to the converter 
side. Therefore, LFGV at R1 (ΔuR1) which is the summation of the 
backward (Δub1) and the reflected forward (Δuf1) TWs, can be obtained 
based on the terminal equivalent circuit, illustrated in Fig. 3: 

ΔuR1 = Δub1 +Δuf 1 = Δuflt,1e− γ1(s)x +Γ1Δuflt,1e− γ1(s)x =
(
1+Γ1

)
Δuflt,1e− γ1(s)x

(9)  

Γ1 =
Zcon||(sLCLI + Zc1) + sLCLI − Zc1

Zcon||(sLCLI + Zc1) + sLCLI + Zc1
(10)  

Zcon = Rc + sLc +
1

sCc
(11) 

In these equations, Γ1, γ1, and x are the line-mode reflection coeffi-
cient, line-mode propagation function, and fault location, respectively. 
Also, Zcon stands for the converter’s equivalent impedance, i.e., equiv-
alent to a series RLC circuit (Chen et al., 2022); hence, Rc=2 
(Rarm+Ron)/3, Lc=2Larm/3, and Cc=6Csm/N where Rarm, Larm, and Csm are 
the arm resistance, arm inductance, and capacitance of the sub-module, 
respectively. Moreover, Ron and N are the on-state resistance of the 
entire inserted sub-modules in each arm and the number of inserted 
sub-modules, respectively. 

Line-mode propagation coefficient, γ1(s), and modal wave imped-
ances, Zc0 and Zc1, as expressed by Eqs. (12) and (13), are frequency- 
dependent in nature, where ri, Li, gi and Ci, i ∈ 0,1 are the zero/line- 

mode resistance, inductance, conductance, and capacitance per unit 
length of the transmission line. 

γi(s) =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(ri(s) + jwLi(s) ).(gi + jwCi(s) )

√
(12)  

Zci(s) =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(ri(s) + jwLi(s))/(gi + jwCi(s))

√
(13) 

The frequency dependency is evident in Fig. 4(a) and (b), where the 
magnitude of the modal propagation functions (e− γi(s)x) and modal wave 
impedances (Zci(s)) is depicted, respectively. Therefore, vector fitting 
(VF) with a non-linear rational approximation is used to effectively 
incorporate e− γi(s)x and Zci(s) into Eqs. (9) and (10): 

e− γ1(s)x ≅ F(s) =
∑n

k=1

Ck

s − Ak
+ D (14)  

Zc0(s) ≅ Fc0(s) =
∑n

k=1

Ck

s − Ak
+ D (15)  

where Ck and Ak are complex residues and poles. respectively. Also, D is 
a real constant. Based on Fig. 4(b), the deterioration of line-mode 
components is significantly lower than 

zero-mode counterparts, hence, only Zc0(s) is modelled by VF in Eq. 
(13), which also alleviates the computational burden of the calculations. 
Finally, the frequency-domain expression of LFGV at R1 can be deducted 
from Eqs. (4)–(15) as follows: 

ΔuR1 =
(
1+Γ1

)
Δuflt,1F(s) (16) 

The time-domain expression of LFGV can be deducted by applying 
the inverse Laplace transform to Eq. (16) and substituting the variables 

Fig. 2. LFGV generation and propagation at fault point in case of internal faults.  

Fig. 3. Equivalent circuit at R1 in case of internal faults.  
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with the relevant parameters. However, as Eqs. (14) and (15) use mul-
tiple terms to enhance the accuracy of the LFGV, the derived time- 
domain expression consists of many exponential terms. Considering 
the challenge of presenting these results in their algebraic form and the 
complexity of the analysis, graphical representation of the results is 
chosen for the time-domain analysis in this paper. Note that in the entire 

analytical calculations of this paper numerous fault scenarios, including 
all types of internal and external faults (SPG and PTP faults) for various 
fault resistance and location sets, are considered. This ensures the gen-
erality of the consequent conclusions. 

Several example cases are chosen and depicted in Fig. 5 to summa-
rize the time-domain analysis during internal faults. Fig. 5(a) and (b) 

Fig. 4. Frequency characteristic: a) modal propagation functions and b) modal wave impedances.  

Fig. 5. Impact of various parameters on LFGV: a) fault resistance under PTG faults, b) fault resistance under PTP faults, c) propagation function, d) CLI.  
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illustrate the time-domain response of LFGV under PTG and PTP faults at 
200 km distance for various Rf sets, respectively. A comparison between 
the analytical calculations (Cal) with the simulation results (Sim) is also 
provided in these figures to demonstrate the precision of the analytical 
calculations. It is readily seen that as the fault resistance increases, the 
drop magnitude (DM) of the LFGV, measured from zero to the minimum 
point of the waves (wave-heads), diminishes for both fault types. 
Moreover, while the position of the wave-heads in time (ttp) changes 
slightly under various fault resistances, they are observed almost 
immediately after fault initiation for all scenarios. Although the only 
factor affecting ttp is the propagation function, this impact is negligible 
as LFGV is used. According to Fig. 5(a) and (b), the voltage drop rates 
under PTP faults are markedly greater than those under similar PTG 
faults. 

On the other hand, as shown in Fig. 5(c), the impact of the fault 
location on the DMs under PTG faults, originating from the propagation 
function, i.e., F(s) in Eq. (16), is not significant and can be neglected. 
Finally, Fig. 5(d) highlights that the effect of CLI level on the DMs is 
hardly noticeable. Nevertheless, the rising rate of the waveforms after 
passing ttp is sharper for smaller CLI sizes. 

According to the presented analyzes, it can be concluded that fault 
resistance is the most influential factor affecting the LFGV under internal 
faults. 

2.4. LFGV at R1 in case of forward external faults 

Similar to the conducted analysis for internal faults, the equivalent 
line-mode circuit of the system under forward external faults (f2 in 
Fig. 1) is depicted in Fig. 6. 

LFGV at the fault point (Δuflt,1) is given with Eqs. (4)–(6), in where Z0 
and Z1 can be obtained as follows (Fig. 6): 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Z0 = Zl0||Zr0 =
Ufl0

Ifl0
||

Ufr0

Ifr0
=

(

sLCLI + Zc0

)

||(Zcon||

(

sLCLI + Zc0

))

Zl = Zl1||Zr1 =
Ufl1

Ifl1
||

Ufr1

Ifr1
=

(

sLCLI + Zc1

)

||(Zcon||

(

sLCLI + Zc1

)) (17) 

The effect of CLI on Λ1, i.e., LFGV at R2, can be expressed as follows: 
⎧
⎪⎨

⎪⎩

Δur1 = Δuflt,1Λ1

Λ1 =
Zc1

Zc1 + sLCLI

(18) 

After propagating through the transmission line and being affected 
by the line propagation function, LFGV reaches the line boundary as 
shown in Fig. 7. At this point, the frequency-domain expression of LFGV 
which is the summation of distorted backward traveling wave and its 
reflected waveform can be obtained as follows: 

ΔuR1 = Δub1 +Δuf 1 =
(
1+Γ1

)
Δuflt,1Λ1F(s) (19)  

where Γ1 and F(s) is derived from Eqs. (10) and (14) for x=l, respec-
tively. The time-domain response of the LFGV can be then computed 
using the inverse Laplace transform on Eq. (19). 

The results are presented in Fig. 8 where several comparisons be-
tween the analytical calculations and simulation results are presented. 
As shown in Fig. 8(a) and (b), a higher Rf not only lowers the DMs of the 
LFGV, but also reduces the required time to reach the wave-heads 
(ttp200 < ttp50 < ttp1) for all fault types. Moreover, the wave heads have 
smoother shapes compared to those under internal faults. This behavior 
is mainly due to the impact of CLI on the LFGVs. In similar conditions, 
the DMs under internal faults are more significant than those under 
forward external faults. 

On the other hand, according to Fig. 8(c), higher values of CLI 
slightly decrease the DMs but greatly increase the time of the wave- 
heads (ttp0.3 > ttp0.2 > ttp0.1). Compared to the internal fault cases with 
similar fault resistances, much smoother wave shapes and lower DMs are 
expected under forward external faults. 

2.5. LFGV at R1 in case of reverse external faults 

The expression of LFGV under reverse external faults can be derived 
from Fig. 9, as presented by Eq. (20). This case is identical to that of the 
forward external faults observed at R2: 

ΔuR1 = Δuflt,1Λ1 (20)  

where Λ1 reflects the impact of CLI on the LFGV as presented by Eq. (18). 
Also, Δuflt,1 is expressed by Eqs. (4)–(6), in which Z0 and Z1 are calcu-
lated according to Eq. (17). 

The graphical evaluations of the results coupled with the comparison 
of the analytical calculations with the simulation results are presented in 
Fig. 8(d)–(f). The conclusions here are similar to those under the forward 
external faults presented in subsection 2.4. 

3. Proposed protection method 

In this section, the main factors considered in the design of the 
proposed fault identification criterion are first discussed. Afterward, the 
formulation of the criterion and proposed protection algorithm are 
presented. 

3.1. Design consideration of fault identification criterion 

As shown earlier, it can be summarized that fault resistance and CLI 
are the most influential factors, in determining the smoothness of the 
waveforms, the time position of the wave-heads, and the level of DMs. 

Fig. 6. Equivalent circuit at R2 in case of forward external faults.  
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Hence, internal and external faults can be accurately distinguished 
through the voltage drop magnitude of LFGV and the required time to 
reach its wave head. These two features are exploited in the proposed 
fault identification method. In this regard, the slope of the straight lines 
that connect the starting points of the LFGVs to their wave heads is 
measured. These straight lines are shown with black dashed lines in  
Fig. 10 for various fault scenarios, i.e., SI for a 750 Ω fault at the line end 
as well as SE1 and SE2 for 1 Ω internal and reverse external faults, 
respectively. Application of these slopes is the key factor in the design of 
the proposed protection method as the impact of DM and time position 
of wave-heads (ttp) are reflected in them at the same time. 

According to the presented assessment of the most challenging fault 
scenarios in Fig. 10, a reliable process for threshold calculation of the 
protection relays is seen. In other words, when the protective relays are 
set properly in a way that a high-resistance internal fault, with Rf=750 Ω 
for instance, can be classified from severe external faults, distinguishing 
between other internal and external fault scenarios is ensured. This 
conclusion is derived from the analysis presented in Section 2, where the 
impact of fault resistance and CLI on internal and external faults are 
investigated. Hence, the generality of the setting calculation principle is 
guaranteed. 

Furthermore, the wave-heads of the LFGVs during internal faults are 
observed faster than those during external faults as shown earlier. 
Therefore, a shorter time window, Δts, is considered for the calculation 
of the slopes to speed up the fault detection process. Determination of 
Δts is crucial in the design of the proposed protection method. As dis-
cussed in Section 2, the position of ttp is almost constant under internal 
faults, while it changes under external faults depending on CLI size and 
fault resistance. The analysis in Section 2 revealed that ttp is around 
20–30 μs after fault inception under internal faults, while depending on 
the fault resistance and CLI size, it is observed at around 250–800 μs 
under external faults. Therefore, Δts=250 μs is set in this work. 

During Δts, the slope of the SI line, which is related to the internal 
fault, is significantly sharper than those of the external faults, and ST1 is 
sharper than ST2. Therefore, ST1 is assigned as the threshold line (ST1-s) 
in a sense that lines with sharper slopes should trigger the protection 
principle as an indication of internal fault occurrence. 

As discussed in Section 2, the level of DM under PTP faults is higher 
than SPG faults. Thus, PTP faults produce generally sharper straight 
lines than similar SPG internal faults. Therefore, there can be some 
external PTP fault scenarios that produce sharper straight lines 
compared to some internal SPG faults, and inevitably cause malopera-
tion of the proposed protection criterion. To tackle this challenge, an 
effective solution is to firstly identify the faulty pole and then adjust the 
threshold line. The extraction of corresponding threshold lines for PTP 
faults can be carried out by repeating the process explained in Fig. 10, as 
illustrated in Fig. 11. Here, the lines ST1 and ST2 are the candidate 
threshold lines. However, due to the sharper slope, ST1 is chosen as the 

threshold line under PTP faults (ST1-p). 

3.2. Formulation of the proposed fault identification criterion 

The proposed protection criterion, which is hereafter referred to as 
the selective drop rate of voltage (SDRv), is defined as follows: 

SDRv =
min {ΔuR1(n0 − 1, n0,…, n0 + nΔt)} − mu

1000.(nmin − (n0 − 1))
(21) 

SDRv uses a series of DC voltage samples at R1 (ΔuR1) over a data 
window of Δt1 which is shown by ΔuR1(n0-1, n0, …, n0+nΔt) in Eq. (21). 
Therefore, the length of Δt1 is (n+2)Δt, while Δt is the sampling time 
interval. In addition, min{ΔuR1} captures the voltage at the wave head 
of LFGV. mu is also the median of the steady-state quantities of ΔuR1. 
Finally, n0 and nmin refer to the sample number of the starting point and 
wave head of LFGV, respectively. The protective criterion trips when the 
setting threshold based on the fault type is exceeded. This setting 
threshold is defined as in Eq. (22): 
{

SDRv < Vth− s,Vth− s = 1.25 × ST1 − s→SPG internal fault
SDRv < Vth− p,Vth− p = 1.25 × ST1 − p→PTP internal fault (22)  

where ST1-s and ST1-p are the slopes of the threshold lines under SPG and 
PTP faults, respectively. Based on the description of Figs. 10 and 11, ST1- 

s = − 33, hence Vth-s = − 41, and ST1-p = − 56, hence Vth-p = − 70 are 
considered as the thresholds in Eq. (22). 

It is evident that the definition of the proposed protection method is 
similar to ROCOV-based solutions. However, there are differences that 
make the proposed method more robust and reliable. The first advantage 
is the careful determination of Δt1, by which the wave head can be 
precisely identified. Through this selection, the proposed method pro-
duces higher outputs under internal faults, which improves its perfor-
mance in distinguishing internal and external faults. This enhanced 
performance is also observed under noisy conditions wherein ROCOV- 
based solutions suffer from inaccurate calculation of dv/dt. Moreover, 
the impact of fault resistance and CLI size on the LFGV is fully investi-
gated. This is another advantage of the proposed protection method in 
comparison to ROCOV and other transient-based solutions, where the 
calculation of DC line voltage (in contrast to LFGV) at both sides of the 
CLI is performed without careful analytical considerations. Moreover, a 
more accurate and comprehensive analytical representation of the LFGV 
under various fault scenarios is presented in this study. The extensive 
modelling of modal propagation functions, e− γi(s)x, and modal wave 
impedances, Zci(s), contributes to a more accurate representation of 
various fault cases, which also leads to an improved determination of 
Δts, extraction of the minimum wave points and calculation of SDRv. 

Fig. 7. Equivalent circuit at R1 during a forward external fault.  
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3.3. Protection algorithm 

The schematic diagram of the overall protection algorithm is 
depicted in Fig. 12. A start-up unit (SU) in the form of an undervoltage 
criterion is considered as the fault detection criterion to distinguish 
between faults and normal operation. The definition is expressed as 
follows: 

{ΔuR1 < − Vths (23)  

where ΔuR1 is the pole voltage gradient at R1. Also, Vths is the threshold 
which should be lower than the voltage variation under normal 

operation. Therefore, it is considered 25 kV (0.05Vr) in this work. The 
first voltage sample at which Eq. (23) is satisfied is denoted by n0. This 
sample is used for defining SDRv. 

As explained in the previous subsection, the faulty pole should be 
identified prior to fault identification to adjust the setting threshold. It 
can be seen in Eqs. (4)–(6) that under PTG, NPG, and PTP faults, the 
zero-mode voltage component is negative, positive, and zero, respec-
tively. This implies that the zero-mode voltage component can be used 
as a fault pole identification criterion (FPIC). Therefore, accumulation of 
the zero-mode voltage at R1 over the 5-sample data window of Δts is 
considered for FPIC as follows: 

Fig. 8. Impact of various parameters on LFGV: a) fault resistance under PTG forward external faults, b) fault resistance under PTP forward external faults, c) CLI 
under PTG forward external faults, d) fault resistance under PTG reverse external faults, e) fault resistance under PTP reverse external faults, f) CLI under PTG reverse 
external faults. 
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Cp =
1̅
̅̅
2

√
∑n0+3

i=n0 − 1

{

up,R1(i)+ un,R1(i)

}

(24)  

⎧
⎨

⎩

Cp < − Vthp, Positive pole
− Vthp < Cp < Vthp, Pole to pole
Cp > Vthp, Negative pole

(25) 

where up,R1 and un,R1 are the positive and negative pole voltages at 
R1, respectively. Based on the presented analytical calculations of Sec-
tion 2, the threshold (Vth-p) is set 50 kV to ensure reliable identification 
of the fault pole under high-resistance internal and external faults. 

The algorithm starts immediately when the SU in Eq. (23) is satisfied. 
After acquiring n0 from the SU, Eq. (24) is checked to identify the faulty 
pole and adjust the threshold line accordingly. Afterward, based on the 
measured line-mode voltage at R1, SDRv is determined using Eq. (21). If 

SDRv satisfies Eq. (22), a trip signal based on the results of FPIC is issued 
to the corresponding DC circuit breakers. Otherwise, the protective al-
gorithm restarts. 

4. Simulation results 

The four-terminal MMC-HVDC grid, introduced in Section 2 is 
simulated in PSCAD/EMTDC as the test system. As illustrated in Fig. 1, 
fault scenarios are simulated to evaluate the performance of the pro-
posed protection method under internal and external faults. All fault 
scenarios are initiated at t = 50 ms. Employing high sampling fre-
quencies can lead to faster reaction times and more accurate calculation 
of SDRv, despite the associated higher computational burden. never-
theless, extensive analytical calculations show that a good balance can 
be achieved by using a relatively low sampling frequency of 20 kHz. 

Fig. 9. Equivalent circuit at R1 in case of reverse external faults.  

Fig. 10. Comparison of LFGVs of internal and external faults for design consideration under PTG and NTG faults.  

Fig. 11. Comparison of LFGVs of internal and external faults for design consideration under PTP faults.  
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Thus, according to Eq. (21), seven samples are used to calculate SDRv, i. 
e., one and five samples before and after n0, respectively; hence, Δt1 and 
Δts are 350 and 250 μs, respectively. Since the performance of SU has 
been extensively discussed in previous works (Sneath et al., 2016; 
Leterme and Beerten, 2016), it will not be studied in this paper. 

4.1. Internal faults 

Fig. 13 (a) and (b) show the LFGV, ΔuR1 (t), under a 1-Ω PTG internal 
fault at 100 km and a 500-Ω PTG internal fault at 200 km, respectively. 
The results show that after the arrival of the fault signature at R1, ΔuR1 
drops immediately. Consequently, SU is satisfied at 50.35 ms and then, 
SDRv=-496.6 is calculated. Since SDRv satisfies its threshold, Vth-s=-41, 
the internal fault is recognized at t = 50.4 ms. This has been shown in 

Fig. 12. Schematic diagram of the proposed protection algorithm.  

Fig. 13. ΔuR1(t) and performance of the proposed protection method in identifying a) 1-Ω PTG internal fault at 100 km, b) 500-Ω PTG internal fault at 200 km.  
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Fig. 13 (a) where SDRv and the threshold line are depicted by SI1 and 
STh, respectively. It is clearly seen that SI1 slope is sharper than STh, i.e., 
the proposed protection method reliably identifies this fault. 

Similarly, Fig. 13 (b) shows the ΔuR1 waveform for the 500-Ω PTG, 
which occurred at 200 km. In this condition, the SU is satisfied at t =
50.7 ms and the minimum point is also discovered at the same time. In 
this case, SDRv=-128.9 has a sharper slope compared to that of the 
threshold. Hence, this fault is precisely identified as well. 

The analysis is carried out for PTP faults. In this context, a 1- and 
500-Ω internal fault at 100 and 200 km are, respectively simulated and 
the results are presented in Fig. 14. For the 1- and 500-Ω faults, SDRv is 
− 1304.1 and − 449.1, respectively. As displayed by ST1 in Fig. 14 (a) and 
(b), the slope in both cases is sharper than their corresponding threshold 
lines, i.e., STh. Therefore, both internal faults are identified correctly. 

In order to analyze the results in detail, Table 2 presents a summary 
of the results of various internal faults. Due to similar characteristics of 
NPG and PTG faults, the performance results of the PTG faults are solely 
presented in this Table. According to the results, FPIC, which calculates 
Cp, reliably identifies the fault pole in all cases. Consequently, the setting 
threshold is adjusted and SDRv is measured. It can be seen that under all 
fault cases, SDRv is lower than the corresponding threshold; hence, the 
proposed protection method is fully reliable in detecting internal faults 
at any location along the line with fault resistance of up to 1250 Ω. 

The instant of issuing the trip signal is at the end of Δt1, i.e., the time 
instant that the calculation process of SDRv is finished. Therefore, due to 
the low computational burden of the proposed protective algorithm, the 
overall processing time, accounting for the data windows required for 
the process of SU, FPIC, and SDRv is around Δt1=0.35 ms. Accounting 
for the time delay of measurement sensors and subsequent data 
recording time (around 0.5–0.6 ms) (Xiang et al., 2019), the total action 
time of the proposed protection method is ⁓0.9 ms. Therefore, in 
MMC-HVDC grids that require the protection principles to detect the DC 
faults within 3 ms, the proposed protection method meets the speed 
requirement. 

As shown by the results of the near-end (10 km) and far-end (290 km 
and 300 km) fault scenarios, it is evident that the proposed protection 
method does not have a dead zone protection issue. In this way, it 
demonstrates its capability to detect faults at any location along the 
transmission line. 

4.2. External faults 

Another crucial aspect of the protection principles is their ability to 
perform reliably during external faults as presented in this subsection. 

Fig. 15 shows ΔuR1 (t) under a 50-Ω PTG forward external fault and 
reverse external fault at f2 and f3, respectively. In these cases, SDRv is 
− 23.4 and − 15.5, respectively (shown by SE1 in Fig. 15). It is evident 

from the results that the threshold is not exceeded in both cases. 
Therefore, these fault scenarios are correctly classified as external faults. 

Moreover, Fig. 16 (a) and (b) illustrate ΔuR1 (t) under an 1-Ω PTP 
external fault at f4 and PTP external fault at f5, respectively. Similar to 
the previous cases, since these external faults do not exceed their 
adjusted thresholds, they are correctly identified as external faults. 

Fig. 14. Performance of the proposed protection method a) 1-Ω PTP internal fault at 100 km and b) 500-Ω PTP internal fault at 200 km.  

Table 2 
Performance of the proposed protection method under various internal fault 
scenarios.  

Fault 
type 

Fault 
location 
(km) 

Fault 
resistance 
(Ω) 

Cp (kV) SDRv Final 
decision 

PTG  10  1  -2549 -544.4 Internal  
300  -1084 -149.4 Internal  
750  -593.7 -99.1 Internal  

1250  -395.4 -64.3 Internal  
50  1  -2551 -522.4 Internal  

300  -933  -189.2 Internal  
750  -476  -96.8 Internal  

1250  -310.4  -61.2 Internal  
100  1  -1784 -496.6 Internal  

300  -875  -182.7 Internal  
750  -448  -94.9 Internal  

1250  -288.2  -59.6 Internal  
150  1  -1788 -506.1 Internal  

300  -650  -185.4 Internal  
750  -441  -96.1 Internal  

1250  -286.8  -59.3 Internal  
200  1  -1201 -507.3 Internal  

300  -642  -183.5 Internal  
750  -433  -93.9 Internal  

1250  -255.5  -58.8 Internal  
250  1  -1204 -486 Internal  

300  -437  -176.6 Internal  
750  -324  -89.7 Internal  

1250  -211.4  -59.5 Internal  
290  1  -1086 -283 Internal  

300  -479.3  -188.6 Internal  
750  -399.2  -139.2 Internal  

1250  -266  -92 Internal  
300  1  -1190 -501.5 Internal  

300  -599.6  -257.3 Internal  
750  -344  -148.2 Internal  

1250  -235.3  -101.3 Internal 
PTP  100  1  -2.3 -1304.1 Internal  

750  -2.2 -338.6 Internal  
1250  2.1 -112.7 Internal  

200  1  0.66 -1304.2 Internal  
750  -0.01  -338.4 Internal  

1250  -0.1  -113 Internal  
300  1  -0.5 -1281.5 Internal  

750  -1.1  -509.5 Internal  
1250  -2  -182.5 Internal  
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A number of complementary results of the FPIC (Cp) and SDRv under 
various external faults are also presented in Table 3. It is concluded from 
the results that the faulty pole is accurately identified in all cases. 
Furthermore, all fault scenarios are correctly recognized as external 
faults. 

5. Robustness analysis and comparison with existing solutions 

In this section, the effect of important variables, including CLI, 
measurement noise, converter clocking, and length of the transmission 
line on the performance of the proposed method is initially assessed. The 

overall performance of the proposed method is then highlighted through 
its comparison with existing classical schemes. 

5.1. Sensitivity to the size of CLI 

The impact of CLI on the results is investigated by re-tuning all CLIs 
to 25, 50, and 100 mH, and consequently, repeating the process of 
threshold determination as described in Figs. 10 and 11. The extracted 
threshold values accompanied with some performance results are pre-
sented in Table 4. According to the results, the faulty pole is correctly 
identified and the protection thresholds are adjusted accordingly. 
Finally, the comparison of the SDRv results with the thresholds high-
lights promising performance for the proposed protection method in 
detecting internal faults under various CLI values, even as small as 
25 mH. 

5.2. Sensitivity to measurement noise 

To investigate the performance of the proposed protection method 
under noise disturbance, a white Gaussian noise with 35 dB Signal-to- 
Noise ratio (SNR) is added to the measured voltage signals. The simu-
lation results under a 750-Ω fault at 300 km and a PTG forward external 
fault at f2 with 50 Ω are shown in Fig. 16 (a) and (b), respectively. 

The results endorse that while the internal fault is reliably detected 
as its SDRv passes the threshold, the proposed protection method re-
mains inactive under the external fault. 

The performance of the proposed protection method in detecting 
internal faults with different levels of noise disturbance is presented in  
Table 5, confirming the reliable performance of the proposed method. In 

Fig. 15. Outputs for external fault simulation a) 50-Ω PTG forward external fault and b) 50-Ω PTG reverse external fault.  

Fig. 16. ΔuR1(t) and fault detection performance for a) 1-Ω PTP external fault at f4 and b) 1-Ω PTP external fault at f5.  

Table 3 
Performance of the proposed protection method under various external fault 
scenarios.  

Fault 
type 

Fault 
location 
(km) 

Fault 
resistance 
(Ω) 

Cp (kV) SDRv Final 
decision 

PTG f2 50  -344.6  -23.4 External 
f3  -530.7  -15.5 External 
f2 300  -189.2  -24.2 External 
f3  -241.1  -10.4 External 
f4 1  -182  -4.8 External 
f5  -199.7  -3.9 External 

PTP f2 50  -0.18  -52.9 External 
f3  -2.1  -36.8 External 
f2 300  -1.6  -39.7 External 
f3  1.9  -17.6 External 
f4 1  0.05  -10.8 External 
f5  2.9  -9.7 External  
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all cases, the fault occurs at 300 km with a fault resistance of 750 Ω. 

5.3. Sensitivity to converter blocking 

Converter blocking is an event that can cause severe voltage and 
current fluctuations on the DC side of the system, leading to a false 
operation of the protection methods. Therefore, various converter- 
blocking phenomena are simulated to examine the performance of the 
proposed method. In this context, Fig. 18 shows the performance of the 
proposed protection method under a converter blocking event at R1. It is 
seen that SU is satisfied at 51.54 ms and SDRv=-12.9 (SB1 in Fig. 17). 
Hence, considering the protective threshold of − 41, this phenomenon is 
not misclassified as a DC system fault. Hence, the reliability of the 
proposed method in converter-blocking scenarios is ensured. 

5.4. Performance with longer transmission line and lower CLI 

As shown in Figs. 10 and 11, the proposed protection method ex-
hibits a great margin for fault detection. To explore the boundaries of the 
method, more extreme conditions are simulated by extending the 
transmission line length to 800 km and reducing the size of the CLI to 
100 mH. 

First, the new threshold values in accordance to the new conditions 
are obtained in a similar way conducted in Figs. 10 and 11. Fig. 19 (a) 
and (b) illustrate the analytical calculation of LFGV during an internal 
1250-Ω fault at 800 km and a 1-Ω external fault at f2, to be used for 
threshold determination. Based on the new results, the threshold values 
for PTG and PTP faults are determined to be Vth-s = − 51 and Vth-p =

− 108.5, respectively. 
Further simulations are carried out in the most challenging fault 

cases to evaluate the performance of the proposed protection method 
under these new scenarios. As summarized in Table 6, the SDRv values 
for internal PTG and PTP 1250-Ω faults at line ends are − 86.5 and 
− 137.5, which exceed their corresponding thresholds. As a result, these 
faults are accurately identified. 

Overall, it is evident that the proposed protection method is reliable 
in detecting internal faults along a 800-km transmission line up to a fault 
resistance of 1250 Ω. 

5.5. Comparison with existing solutions 

The main contribution of this study is to demonstrate improvements 
over transient-based protection methods, particularly ROCOV-based 
solutions. However, being a TW-based approach, the proposed protec-
tion method offers distinct advantages compared to other TW-based 
solutions, which are also demonstrated here. As summarized in  
Table 7, the following conclusions can be derived. 

5.5.1. Comparison to transient-based methods 
The most commonly used ROCOV-based methods are those pre-

sented in Sneath et al. (2016) and Leterme and Beerten (2016). In 
comparison, the proposed method offers improved selectivity and 
sensitivity in fault detection and requires less sampling frequency. 
Additionally, determining thresholds in Sneath et al. (2016) and 
Leterme and Beerten (2016) is challenging due to the lack of analytical 
calculations, whereas the proposed method benefits from robust 
analytical calculations, making it a more straightforward and applicable 
solution. 

When it comes to transient voltage derivative-based methods such as 
Li et al. (2017), Li et al. (2018), and Liu et al. (2017), these approaches 
heavily rely on CLI magnitude and suffer from reduced selectivity when 
lower CLIs are used. Additionally, noise can adversely affect the per-
formance in Li et al. (2017) and Li et al. (2018). However, the proposed 
protection method addresses these drawbacks by carefully calculating 
SDRv using LFVG over a data window of Δt1, which significantly reduces 
the impact of noise and CLI. Moreover, the overall sensitivity of these 
methods (100–400Ω) is lower than that of the proposed protection 
method (up to 1250Ω). 

Table 4 
Performance of proposed protection method under different CLI sizes.  

Fault type Fault 
location & resistance 

CLI 
(mH) 

Cp (kV) SDRv Vth-s Vth-p Final decision 

PTG 300 km 
750Ω 

25 -152.2 -106.6 -118.3 — Mal-operation 
50 -218 -126.2 -69.3 — Internal 
100 -287.7 -140.8 -54.9 — Internal 

PTP 25 -1.1 -363.3 — -264.1 Internal 
50 -1 -432.6 — -149.5 Internal 
100 -2.7 -481.6 — -110.1 Internal  

Table 5 
Performance of Proposed Protection Method Under Noisy Measurements.  

SNR Cp (kV) SDRv Final decision 

30 -352.5 -135.8 Internal 
40 -347.2 -148.6 Internal 
50 -351.4 -150.5 Internal  

Fig. 18. Effect of converter blocking at R1 on the performance of the proposed method.  
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5.5.2. Comparison to TW-based methods 
The proposed protection method distinguishes internal faults at any 

location along the transmission line with resistance up to 1250 Ω. In 
contrast, the previous methods presented in Table 7 detect faults with 
resistances ranging from 200–600 Ω. Therefore, the proposed method 
provides the advantage of fault identification for larger fault resistances. 

Action time is still a challenge for pilot protection schemes. As an 

example, for fiber optic cables with a 200 km/ms communication delay 
(Lan et al., 2021), the time to transfer data from one side of the 300 km 
transmission line of the test grid to the other side of the line would be at 
least 1.5 ms. This time delay would be even more prominent for 
lengthier transmission lines. On top of that, other time-consuming 
matters, such as data synchronization add to the action time of such 
methods. Conversely, the proposed method is a single-end solution and 
does not require double-end measurements, data synchronization, and 
data exchange via a communication link. Therefore, the speed of pro-
tection, which is a crucial matter in MMC-HVDC protection, is higher in 
the proposed protection method compared to those proposed in Li et al. 
(2020a) and Yu et al. (2021), i.e., the action time is ~3 ms in Li et al. 
(2020a) and Yu et al. (2021), which is noticeably higher than the action 
time of the proposed method (less than 1 ms). The action time of the 
proposed protection method is also shorter than those in Lan et al. 

Fig. 17. ΔuR1(t) and performance of the proposed protection method in detecting a) 750-Ω PTG internal fault at 300 km and b) 50-Ω PTG forward external fault.  

Fig. 19. Analytical calculation of LFGV under new conditions and the process of threshold calculations a) PTG fault b) PTP fault.  

Table 6 
Performance of proposed protection method under 1250-Ω PTG and PTP in-
ternal faults.  

Fault type Fault location resistance SDRv Final decision 

PTG 800 km 1250Ω -86.5 Internal 
PTP -137.5  
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(2021) and Li et al. (2019), mainly due to shorter data window and 
lower computational burden. The approach used in Yu et al. (2023a) 
relies on reflected traveling waves from the fault point and remote-end 
DC terminal for fault identification, which introduces a dependency on 
fault location, while the method in (Yu et al., 2023b) uses multiple data 
fitting processes, leading to an increased computational burden. 
Therefore, both methods are noticeably slower than the proposed pro-
tection method. 

Presented methods in Zhang et al. (2021) and Zhang et al. (2022) 
lack a robust analytical calculation of LFGV, requiring numerous simu-
lation scenarios to determine threshold values in their algorithms. 
Conversely, this study exploits the analytical presentation of LFGV with 
extended accuracy under various fault locations and resistances, as 
demonstrated earlier. This ensures a robust threshold calculation as well 
as a reliable protective operation under both internal and external fault 
scenarios. Moreover, (Zhang et al., 2021) relies solely on the wavefront 
time of the initial fault-generated TW to distinguish internal faults. 
Consequently, it has lower sensitivity and selectivity compared to the 
proposed protection criterion, SDRv, which uses both the wavefront time 
and DM of the LFGV for fault identification. 

6. Conclusion 

In this paper, a new primary protection method based on the selec-
tive drop rate of LFGV is proposed. The proposed protective criterion is 
established upon analytical calculation of LFGV under various internal 
and external faults. The protective criterion is defined as the slopes of 
the straight lines connecting the starting points of the LFGVs to their 
wave heads. Through analytical calculations, it is discussed that the 
protective criterion produces significantly sharper slopes under internal 
faults compared to those under external faults, which reliably distin-
guishes internal and external faults. 

Compared to ROCOV and similar transient-based solutions, the 
proposed protection method exhibits faster response and higher sensi-
tivity and selectivity in detecting internal faults up to 1250 Ω at any 
location along the line. Additionally, it demonstrates higher reliability 
under non-fault phenomena such as converter-blocking incidents and 
noise disturbances. The robustness analysis shows that the proposed 
protection method performs reliably under different transmission line 
lengths and CLI sizes. More importantly, the analytical calculations 
provide improved accuracy in comparison to similar studies and a solid 
foundation for extracting the protective threshold values, which are 
other advantages of the proposed protection method even in comparison 
to more advanced TW-based solutions. 

The preliminary evaluations of the proposed protection method have 
shown reliable performance in case of lightning disturbance. However, 
considering the complexity and critical importance of studying lightning 
disturbances, it is deemed more suitable to cover this topic in future 
works, and also add hardware-in-loop tests to further validate the 
practicality of the proposed protection method. 
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Liu, L., Lekić, A., Popov, M., 2023. Robust traveling wave-based protection scheme for 
multiterminal DC grids. IEEE Trans. Power Del. 1–13. https://doi.org/10.1109/ 
TPWRD.2023.3265748. 

Marvasti, F.D., Mirzaei, A., Golshan, M.E.H., 2020. Novel pilot protection scheme for 
line-commutated converter high voltage direct current transmission lines based on 
behaviour of characteristic harmonic impedances. IET Gener. Transm. Distrib. 15 
(2), 264–278. 

Saizhao, Y., Wang, X., Jinyu, W., 2021. An improved DC fault protection scheme 
independent of boundary components for MMC based HVDC grids. IEEE Trans. 
Power Del. 36 (4), 2520–2531. 

Saleh, K.A., Hooshyar, A., El-Saadany, E.F., Zeineldin, H.H., 2020. Protection of high- 
voltage DC grids using traveling-wave frequency characteristics. IEEE Syst. J. 14 (3), 
4284–4295. 

Sneath, J., Rajapakse, A.D., 2016. Fault detection and interruption in an earthed HVDC 
grid using ROCOV and hybrid DC breakers. IEEE Trans. Power Del. 31 (3), 973–981. 

Sun, P., Li, Y., Qu, L., Gong, J., Li, H., Huang, S., 2023. Negative sequence current 
accumulation difference based wind farm collection line protection for MMC-HVDC 
system. Energy Rep. 9, 249–258. 

Wang, H., Qi, Z., Fu, L., Liu, F., Hu, J., Dong, X., Li, W., 2021. Fast and reliable 
differential protection based on traveling waves for HVDC transmission line. Energy 
Rep. 7, 619–628. 

Wang, Y., Hao, Z., Zhang, B., Kong, F., 2019. A pilot protection scheme for transmission 
lines in VSC-HVDC grid based on similarity measure of traveling waves. IEEE Access 
7, 7147–7158. 

Xiang, W., Yang, S., Xu, L., Zhang, J., Lin, W., Wen, J., 2019. A transient voltage-based 
DC fault line protection scheme for MMC-based DC grid embedding DC breakers. 
IEEE Trans. Power Del. 34 (1), 334–345. 

Yu, D.C., Zhou, N.C., Liao, J.Q., Wang, Q.G., Wei, N.Q., 2023b. Non-unit ultra-high-speed 
DC line protection method for HVDC grids using dynamic fitting algorithm with data 
reconstruction. Int. J. Electr. Power Energy Syst. 154, 109469. 

Yu, X., Xiao, L., 2021. A DC fault protection scheme for MMC-HVDC grids using new 
directional criterion. IEEE Trans. Power Del. 36 (1), 441–451. 

Yu, X., Gu, J., Zhang, X., Mao, J., Xiao, L., 2023a. A self-adaptation non-unit protection 
scheme for MMC-HVDC grids based on the estimated fault resistance. Int. J. Electr 
Power Energy Syst. 152, 109263. 

Zaang, Y., Li, Y., Song, J., Li, B., Chen, X., 2019. A new protection scheme for HVDC 
transmission lines based on the specific frequency current of DC filter. IEEE Trans. 
Power Del. 34 (2), 420–429. 

Zhang, C., Song, G., Dong, X., 2021. Non-unit ultra-high-speed DC line protection 
method for HVDC grids using first peak time of voltage. IEEE Tran. Power Del. 36 
(3), 1683–1693. 

Zhang, C., Li, Y., Song, G., Dong, X., 2022. Fast and sensitive nonunit protection method 
for HVDC grids using Levenberg–Marquardt algorithm. IEEE Trans. Ind. Electron. 69 
(9), 9064–9074. 

Zhang, F., Han, K., Yu, X., Wu, J., Chen, Y., Wen, M., 2023. A novel pilot differential 
protection for HVDC transmission line based on the differential voltage. Energy Rep. 
9, 680–686. 

Zhang, S., Zou, G., Wang, C., Li, J., Xu, B., 2019. A non-unit boundary protection of DC 
line for MMC-MTDC grids. Int. J. Electr. Power Energy Syst. 116 (6). 

Zhang, Y., Tai, N., Xu, B., 2012. Fault analysis and traveling-wave protection scheme for 
bipolar HVDC lines. IEEE Trans. Power Del. 27 (3), 1583–1591. 

F. Dehghan Marvasti et al.                                                                                                                                                                                                                    

http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref9
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref9
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref10
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref10
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref10
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref11
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref11
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref12
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref12
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref12
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref13
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref13
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref13
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref14
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref14
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref15
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref15
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref15
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref16
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref16
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref16
https://doi.org/10.1109/TPWRD.2023.3265748
https://doi.org/10.1109/TPWRD.2023.3265748
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref18
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref18
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref18
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref18
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref19
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref19
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref19
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref20
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref20
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref20
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref21
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref21
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref22
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref22
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref22
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref23
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref23
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref23
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref24
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref24
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref24
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref25
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref25
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref25
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref26
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref26
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref26
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref27
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref27
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref28
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref28
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref28
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref29
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref29
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref29
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref30
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref30
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref30
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref31
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref31
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref31
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref32
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref32
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref32
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref33
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref33
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref34
http://refhub.elsevier.com/S2352-4847(24)00190-2/sbref34

	Non-unit protection method for MMC-HVDC grids based on selective drop rate of voltage traveling waves
	1 Introduction
	2 Fault-generated voltage traveling wave
	2.1 Traveling wave theory
	2.2 Fault-generated voltage at fault point
	2.3 LFGV at R1 in case of internal faults
	2.4 LFGV at R1 in case of forward external faults
	2.5 LFGV at R1 in case of reverse external faults

	3 Proposed protection method
	3.1 Design consideration of fault identification criterion
	3.2 Formulation of the proposed fault identification criterion
	3.3 Protection algorithm

	4 Simulation results
	4.1 Internal faults
	4.2 External faults

	5 Robustness analysis and comparison with existing solutions
	5.1 Sensitivity to the size of CLI
	5.2 Sensitivity to measurement noise
	5.3 Sensitivity to converter blocking
	5.4 Performance with longer transmission line and lower CLI
	5.5 Comparison with existing solutions
	5.5.1 Comparison to transient-based methods
	5.5.2 Comparison to TW-based methods


	6 Conclusion
	Author Statement
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data Availability
	References


