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Abstract

This paper presents a novel non-unit protection scheme for the protection of LCC-HVDC
transmission lines. The fault-generated travelling waves at the faulty line ends are filtered
by a filter–reactor unit. The filtered current waveforms are then processed by a multi-
resolution morphological gradient and are used by a fast non-unit protection scheme for
LCC-HVDC transmission lines. The proposed method does not require communication
links between transmission line ends and uses only current signals with a low sampling rate
of 10 kHz. In addition, the proposed scheme is computationally efficient, making it suitable
for practical applications. The performance of the proposed protection scheme is validated
by comprehensive simulation studies as well as field data on a bipolar LCC-HVDC system.
Both simulation and field data test results verify the accurate performance of the proposed
method for different internal fault conditions, including high fault resistances up to 1000Ω.
Furthermore, the proposed scheme is robust against external DC and AC faults, change
of sampling frequency and data window length, non-ideal faults, change of power flow,
change of DC filter parameters and smoothing reactor, change of operation mode, and
measurement noise.

1 INTRODUCTION

With significant advances in power systems, High-Voltage
Direct Current (HVDC) transmission systems are being widely
used [1]. Compared to high-voltage alternative current transmis-
sion systems, HVDC transmission systems have distinct advan-
tages such as higher transmission capacity in longer distances,
fast and flexible power control, and the ability to intercon-
nect asynchronous networks. These unique advantages make
the use of HVDC transmission systems more attractive in mod-
ern power systems [2, 3]. Protection of HVDC lines is of high
importance as these lines, in general, transfer bulk power over
long distances.

The existing protection systems for HVDC transmission
lines are based on travelling wave protection and voltage deriva-
tives protection and back-up protection including under-voltage
protection and current differential protection [4]. Travelling-
wave-based protection systems have limitations such as difficul-
ties in receiving and identifying the wavefront and high sensitiv-
ity to fault resistance and noise [5]. Protection methods based
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on voltage derivatives use the rate of voltage variations (𝜕v∕𝜕t )
to detect faults and, thus, are sensitive to fault resistance [6]. In
addition, under-voltage protection has low reliability in distin-
guishing internal from external faults [7]. Therefore, more stud-
ies are needed to devise more reliable and accurate protection
system. In [8], a high-speed protection based on mode-0 and
mode-1 of travelling waves is proposed, which has lower sen-
sitivity against internal faults with high fault resistance. A trav-
elling wave protection scheme using Teager Energy Operator
(TEO) is proposed in [9]. A travelling wave protection method
is proposed in [10], which makes use of the step response
of a transmission line with consideration for its frequency-
dependent characteristics. However, this method has high com-
putational burden than conventional travelling wave protection
methods. da Silva et al. [11] present a travelling wave protection
scheme using Wavelet Transform (WT), which can be compu-
tationally expensive. Methods in [8–11] have used both volt-
age and current signals for the protection scheme and, thus,
require additional measurement elements. Furthermore, meth-
ods presented in [10] and [11] are unit protection and require
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communication links between the two sides of the transmission
line. This can limit practical implementations of such methods,
and also, the reliability of such protection methods is strongly
dependent on the reliability of the communication links.

Current differential protection schemes are used as the
backup protection in HVDC transmission lines due to the time
delays in the order of several hundreds of milliseconds [6, 7].
This time delay is due to the transmission line capacitive effect
arising from long transmission lines. To compensate for the
delay time in the current differential protection, recently, pro-
tection schemes have been proposed that calculate the transmis-
sion line capacitive effect in the transient period and use the cur-
rent differential protection as the primary protection scheme.
In [12], a current differential protection scheme consisting of
two units, the current difference unit and a block unit, is pro-
posed. In [13], a current differential protection scheme based
on the distributed parameters model is presented. In [14], a pro-
tection algorithm that takes into account the transmission line
capacitive effect, using the π model of the transmission line,
and voltage at the rectifier and inverter side is proposed. In [15]
and [16], current differential protection algorithms are proposed
to compensate for the transmission line capacitive effect using
the distributed parameter model and the frequency-dependent
parameters of the transmission line, respectively. All of the pro-
posed methods in [12–16] are unit protection schemes. Algo-
rithms based on boundary protection (e.g. [17–19]) use the high-
frequency signals. However, they may not be able to protect the
entire length of transmission lines when a high-impedance fault
occurs close to the inverter station. In [20], a non-unit transient
protection scheme based on the difference of high-frequency
morphological entropy of voltage signal is presented. In [21], a
synchrosqueezing WT-based non-unit transient boundary pro-
tection algorithm is proposed, which requires relatively inten-
sive computations. The proposed protection schemes in [22]
and [23] are based on the transient energy difference and the
transient power difference between the rectifier and inverter
sides, which are sensitive to high fault resistance. The protection
schemes in [24] and [25] are based on the transient measured
impedance between two sides of the transmission line, whose
accuracy depends on the data window length. In [26], a pilot
protection scheme based on the Pearson correlation coefficient
of current derivatives is proposed. A protection scheme based
on the transient energy ratio in the specific frequency band on
both sides of the transmission line is proposed in [27]. All pro-
posed methods in [22–27] are unit protection and use both cur-
rent and voltage signals except for [26].

This paper presents a non-unit protection scheme based
on boundary characteristics of transmission lines using the
energy of the current Multi-resolution Morphological Mradi-
ent (MMG). The main advantage of the proposed protection
scheme is its computationally efficient and straightforward pro-
cess, which enables its straightforward implementation for prac-
tical applications. Due to the existence of the filter–reactor unit,
high-frequency components can hardly reach the relay when
external faults occur, while under internal faults, these com-
ponents can easily reach the relay. Therefore, this feature can

be used to distinguish internal faults from external ones. In
order to detect sudden changes in the current transient signal,
an MMG is introduced to limit steady-state components and
enhance transient components. The MMG requires only sum-
mation, subtraction, and maximum and minimum operations
without any multiplication and division. Therefore, the pro-
posed scheme is a high-speed one and requires low computa-
tions compared with the WT-, S-Transform (ST)-, and Fourier
Transform (FT)-based algorithms.

The structure of this paper is organised as follows. The fault
current studies on the bipolar LCC-HVDC system are described
in Section 2. The Mathematical Morphology (MM) is explained
in Section 3. The proposed protection scheme and simulation
results are presented in Sections 4 and 5, respectively. In Sec-
tions 6 and 7, the sensitivity of the proposed protection scheme
is assessed and comparison with the other protection meth-
ods is presented, respectively. Finally, the conclusion is given in
Section 8.

2 FAULT CURRENT STUDIES

The structure of a bipolar LCC-HVDC transmission system
is shown in Figure 1. IP and IN are the currents from the
positive and negative pole at the rectifier side, respectively. Fx
is an internal fault at x km from the rectifier terminal. FR
and FI faults are pole-to-ground external faults at the rec-
tifier and inverter sides, respectively. FA and FB faults are
one of the three-phase faults types [i.e. single-phase-to-ground
(A-G), double-phase (AB), double-phase-to-ground (AB-G),
three-phase (ABC), or three-phase-to-ground (ABC-G)] at the
rectifier and inverter sides, respectively.

Based on the superposition theorem, when a fault occurs in
the HVDC system shown in Figure 1, for the fault analysis,
the equivalent network of the HVDC system can be divided
into two equivalent networks as pre-fault and post-fault net-
works (superimposed equivalent network) [28]. The fault super-
imposed networks for three faults, i.e. Fx, FR, and FI are shown
in Figure 2.

2.1 Internal fault Fx

According to Figure 2(a), when an internal fault occurs at a dis-
tance of x km from the relay location, the first travelling wave of
the fault voltage and current that arrives to the rectifier terminal
is given by

VR = VR1 e𝛽x + VR2 e−𝛽x ⇒

Kr =
VR1 e𝛽x

VR2 e−𝛽x
⇒ VR1 = Kr VR2e−2𝛽x ⇒

VR = KrVR2 e−𝛽x + VR2 e−𝛽x (1)
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FIGURE 1 The structure of the bipolar LCC-HVDC transmission system

FIGURE 2 Fault superimposed networks. (a) Superimposed network for
Fx. (b) Superimposed network for FR. (c) Superimposed network for FI

VR2 =
ZC

ZC + 2R f

(−Vn ) (2)

where ZC , R f , Vn, and Kr are the characteristic impedance of
the transmission line, the fault resistance, the pre-fault normal
operating DC voltage, and the reflection coefficient at the rec-
tifier side, respectively. Also, x is the distance of the fault to the
relay location, and β is the propagation coefficient of the trans-
mission line given by

𝛽 =
√

Z Y ≃ 1.3 × 10−8. (3)

Given that the propagation coefficient of the transmission
line is very small, therefore, for faults at locations of 0 km and
1000 km on the transmission line, the e(−𝛽x ) is equal to 1 and
0.987, respectively. As a result, it is assumed that e(−𝛽x ) ≅ 1 [29].

In addition, for the sake of simplicity, the fault impedance is
assumed to be zero; hence, VR2 = −Vn. Thus, (1) can be writ-
ten as follows:

VR = VR2 e−𝛽x (Kr + 1) ⇒

Kr =

(
Z f || (ZR + ZSR )

)
(
Z f || (ZR + ZSR )

)
+ ZC

⇒

VR = VR2 e−𝛽x
2
(
Z f (ZR + ZSR )

)
(ZR + ZSR )

(
Z f + ZC

)
+ Z f ZC

(4)

IR =
1

ZC

(
VR1 e𝛽x − VR2 e−𝛽x

)
⇒

IR =
1

ZC

(
KrVR2 e−𝛽x − VR2 e−𝛽x

)
⇒

IR =
VR2 e−𝛽x

ZC

(Kr − 1) ⇒

IR = VR2 e−𝛽x
−2

(
Z f + ZSR + ZR

)
(
Z f + Zc

)
(ZSR + ZR ) +

(
Z f .Zc

) (5)

where ZR, ZSR, and Z f are the equivalent impedance at the
rectifier side, smoothing reactor impedance, and DC filter
impedance, respectively.

2.2 External fault at the rectifier side

Two types of fault, including FA and FR, can occur at the
rectifier side. Due to the presence of the converter transformer,
the travelling waves corresponding to the FA fault are more
attenuated compared to the travelling waves of the FR fault.
This results in a higher rate of change of voltage and current
for the FR fault. Therefore, the FR fault is considered as
the worst-case one. According to Figure 2(b), under the FR
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FIGURE 3 Amplitude–frequency characteristic curve for internal and
external faults

fault, the first fault-originated travelling waves of the voltage
and current reaching to the rectifier terminal are expressed
by

VR = (−Vn ) Ar ⇒ Ar =
Z f ||ZC

Z f ||ZC + ZSR

(6)

IR =
1

ZC

(−Vn ) Ar ⇒ IR

= (−Vn )
Z f

ZSR

(
Z f + Zc

)
+ Z f .Zc

(7)

where Ar is the refractive coefficient at the rectifier side.

2.3 External fault at the inverter side

Two types of fault, including FI and FB, can occur at the inverter
side. Similarly, due to the presence of the converter transformer,
the worst case of the external fault is considered at the inverter
side, i.e. FI. According to Figure 2(c), under the FI fault, the first
travelling waves of the fault voltage and current arriving to the
rectifier terminal are given by

VR = (−Vn ) e−𝛽l (Kr + 1) Ai ⇒ Ai =
Z f ||ZC

Z f ||ZC + ZSR

(8)

IR =
1

ZC

(−Vn ) e−𝛽l (Kr − 1) Ai ⇒ IR

= (−Vn )
−2

Z f ‖ZSR + ZR‖ + ZC

Z f ||Zc

Z f ||Zc + ZSR

(9)

where Ai is the refractive coefficient at the inverter side.
Based on Equations (5), (7), and (9), Figure 3 depicts the

amplitude-frequency characteristic curves for three faults Fx,
FR, and FI. It can be observed that, the high-frequency com-
ponents are attenuated in the case of external faults, while these
components remain almost constant under internal faults. The

reason for this is that the propagated travelling waves first pass
through the filter–reactor unit and then reach the relay; thereby,
the filter–reactor unit attenuates the high-frequency compo-
nents. In the case of internal faults, propagated travelling waves
from the fault point directly reach the relay location, so its
high-frequency components remain almost constant. Due to
the difference in high-frequency components, it is possible to
design a criterion for distinguishing between internal and exter-
nal faults. In this work, MMG is used to extract high-frequency
components.

3 MATHEMATICAL MORPHOLOGY

MM considers the form, shape, and size of a signal waveform in
the time domain. Compared to the FT and WT that are based on
integral transforms, which use multiplication and division oper-
ators, the arithmetical calculations involved in the MM include
only subtraction, addition, and minimum and maximum oper-
ations without any multiplication and division. This makes it
computationally straightforward for time-sensitive applications.
An important mathematical morphological function involved
in the processing of single-dimensional signals is the extrac-
tion of the structure of a set of samples. In other words, the
extraction of this structure is done by the interaction between
the neighbouring instances of each other through the struc-
ture element based on the two basic operators of dilation and
erosion [30]. In what follows, different operators of MM are
introduced.

3.1 Morphological gradient

Assuming a signal denoted by f and a Structuring Element (SE)
denoted by g, the operators of dilation and erosion, respectively,
are given by [30]

f ⊕ g = max
s

{
f (x + s) + g(s)|(x + s) ∈ 𝔇 f , s ∈ 𝔇g

}
(10)

f ⊖ g = min
s

{
f (x + s) − g (s) | (x + s) ∈ 𝔇 f , s ∈ 𝔇g

}
(11)

where𝔇 f and𝔇g are definition domains of f and g, respectively,
and the length of g needs to be considerably shorter than that of
f. If the set of flat structural elements is taken into account, it
means that g(s) ≡0, ∀s ∈ Dg, then the relationships (10) and (11)
can be simplified as follows:

f ⊕ g = max
s

{
f (x + s) | (x + s) ∈ 𝔇 f , s ∈ 𝔇g

}
(12)

f ⊖ g = min
s

{
f (x + s) | (x + s) ∈ 𝔇 f , s ∈ 𝔇g

}
. (13)

The operation of the two dilation and erosion operators
is illustrated in Figure 4. The difference between the dilated
and eroded outputs of a signal, based on a predetermined SE,
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FIGURE 4 The output of dilation and erosion on signal f

defined as Morphological Gradient (MG) [30] given by

𝜌 =
[

f ⊕ g
]
−
[

f ⊖ g
]

(14)

The opening of a one-dimensional signal f (n) by g(n) is
denoted by ( f ∙ g)(n) and determined as the dilation of the
eroded signal

(
f ∙ g

)
(n) =

((
f ⊖ g

)
⊕ g

)
(n) . (15)

The closing of f (n) by g(n) is denoted by ( f ∙g)(n) and deter-
mined as the erosion of the dilated signal

(
f ∙ g

)
(n) =

((
f ⊕ g

)
⊖ g

)
(n) . (16)

The sharp edges of the signal are smoothed by using the
opening operator. On the other hand, the narrow valleys and
gaps of the signal are filled by using the closing operator.

3.2 Multi-resolution morphological gradient

The MM gradient is a tool that affects the transient components
in a signal. By increasing the level of signal decomposition using
this tool, the high-frequency components of the signal are mag-
nified, and the low-frequency components are attenuated. For
instance, the output of the first level of the mathematical MG
compared to the second level one contains high-frequency com-
ponents with lower amplitude and low-frequency components
with higher amplitude. Thus, in order to recognise abrupt varia-
tions in transient signals, an MMG is presented such that steady-
state components are reduced and transient components are
enhanced [31]. The gradient calculation operations are imple-
mented in several levels and are based on the following stages.

1. Extraction of ascending and descending edges based on two
sets of structure elements g+and g− defined as follows:

g+ (s) = {0, 0,… , 0} , 1 − la ≤ s ≤ 0 (17)

FIGURE 5 The flowchart of the proposed protection scheme

g− (s) = {0, 0,… , 0} , 0 ≤ s ≤ la − 1 (18)

where la = 2a−1 lg; a and lg represent the level of MMG to be
decomposed and the initial length of g at level 1, respectively.

2. Calculation of 𝜌a, which denotes the gradient at a level given
by

𝜌a = 𝜌a
g+

+ 𝜌a
g− (19)

where 𝜌a
g+

and 𝜌a
g− are defined as follows, respectively:

𝜌a
g+
=
[
𝜌a−1 ⊕ g+

]
−
[
𝜌a−1 ⊖ g+

]
(20)

𝜌a
g− =

[
𝜌a−1 ⊕ g−

]
−
[
𝜌a−1 ⊖ g−

]
. (21)

4 PROPOSED PROTECTION SCHEME

The flowchart of the proposed scheme for protection HVDC
transmission lines is shown in Figure 5. The process of imple-
menting the proposed scheme is expressed in the following
steps.

Step 1: Sampling is done on the positive and negative pole
current signals at the relay location on the rectifier side
of the HVDC transmission line with the sampling rate
of 10 kHz.
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Step 2: For a bipolar HVDC system, there is an electromag-
netic coupling between positive and negative poles. The
pole-to-mode transform in (22) can be used to decouple
positive and negative pole components into line-mode
and zero-mode components [32]

[
il
i0

]
=

√
2

2

[
1 1
1 −1

] [
Ip

In

]
(22)

where subscript p denotes the positive pole, and subscript n indi-
cates the negative pole. Also, subscript l represents line mode, as
well as subscript 0 represents zero mode.

Step 3: The data window with a length of 3 ms from the
measured current by the relay is recorded.

Step 4: In order to reduce the noise effect, the k-Opening–
Closing–Closing–Opening (k-OCCO) filter has been
used [33]. Another type of morphological operators is
known by introducing two Opening–Closing (OC) and
Closing–Opening (CO) filters. The OC and CO opera-
tors are given by

OC
[

f (n)
]
=
(

f ◦g ∙ g
)

(n) (23)

CO
[

f (n)
]
=
(

f ∙ g◦g
)

(n) . (24)

Due to the dilation and erosion properties of the opening
and closing operators, the signal obtained from the CO and OC
filters undergoes changes in the signal amplitude. The output
signal from the CO filter is expanded, while the output signal
from the OC filter is contracted. Thus, the average value of the
obtained outputs from the CO and OC filters is used to perform
the signal denoising as

y (n) =
1
2

{
OC

[
f (n)

]
+CO

[
f (n)

]}
. (25)

In (25), f (n) is the noise-contaminated signal and y(n) is the
denoised signal. The OCCO filters, each with a specified and
incremental scale, are arranged sequentially such that the output
of each filter is used as an input of the next filter. The signal is
processed k times by the OCCO filter. k is selected such that
the denoising is done more effectively. In this study, k is set to
be 2, according to Figure 6.

Step 5: When the signal samples are passed through the k-
OCCO filter, these samples are smoothed. Hence, in
order to better discriminate between the signal of the
internal fault and the signal of the external fault, the out-
put signal of the k-OCCO filter is passed through the
following filter [34]:

∇I (k) =

2∑
j=0

I (k − j ) −
5∑

j=3

I (k − j ) (26)

FIGURE 6 The structure of the k-OCCO filter

FIGURE 7 Applying the current gradient to the output of the k-OCCO
filter. (a) Line-mode current. (b) Output of the k-OCCO filter. (c) Output of the
∇I

where the jth current value sampled prior to the present
moment is expressed by I(k – j). The calculated current gradient
is denoted by ∇I (k).

Figure 7 demonstrates the results of applying the current gra-
dient to the output of the k-OCCO filter. The line-mode cur-
rent, the output of the denoising filter, and the output of the cur-
rent gradient under an internal fault at 10 km and with zero fault
resistance in 1.5 s are shown in this figure. As can be seen from
Figure 7(b), the sharp points are eliminated by the denoising fil-
ter. From Figure 7(c), it is observed that by passing the output
of the k-OCOC filter through the current gradient, sharp points
can appear in the waveform of the signal. The flowchart of data
pre-processing is depicted in Figure 8.

Step 6: MMG with three levels is applied to the data win-
dow, and the third level of decomposition is extracted,
and then, the output energy of MMG is calculated
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FIGURE 8 The flowchart of the data pre-processing stage

using

E =

N∑
j=1

(𝜌3
(j) )2 (27)

where 𝜌3, E, and N are third levels of MMG, energy of 𝜌3, and
the number of samples in the data window, i.e. N = 30, respec-
tively. When there is no fault in the system, the calculated energy
is zero. The instant that the first fault-originated samples enter
the data window, the calculated energy value is greater than zero,
and this instant is considered as the moment of fault occurrence.
When 20 post-fault samples enter into the sampling window,
the average of these samples is considered as the Performance
Index (PI) to discriminate faults occurring inside or outside the
protected line

PI =
1
M

M∑
j = 1

E ( j ) (28)

where M = 20.
Step 7: At this stage, the calculated PI is compared with the

Protection Threshold (PT). If the PI value is greater than the
PT value, the disturbance is recognised as an internal fault. As a
result, the relay sends the tripping signal to the DC breaker. Oth-
erwise, the data window will be moved to the first step again.

Step 8: To identify the faulted pole, the sum of components
of the zero mode of current is used. By utilizing the energy of
the MMG output from the line mode, the instant of the fault
is detected, and from the moment of the fault occurrence up
to 20 samples after the fault, the components of zero-mode are
summed. Then, the Faulted Pole Detection (FPD) is done based
on the following logic:

FPD =

M∑
j=1

i0 ( j ) ⇒

⎧⎪⎨⎪⎩
1, if FPD > PDT ⇒ Positive Pole

−1, if FPD < −PDT ⇒ Negative Pole

0, if − PDT < FPD < PDT ⇒ Pole to Pole

(29)

Here, PDT is the Pole Detection Threshold.

4.1 Determination of the thresholds

To determine the PT value, the lowest value of the PI for the
worst case of an internal fault from the point of view of gener-
ating the least transient states (i.e. Positive-pole-to Ground (PG)
or Negative-pole-to Ground (NG) faults at the end of the trans-
mission line with the highest fault resistance), and the highest
value of the PI for the most severe case of an external fault
from the point of view of generating the most transient states
(i.e. FI fault with zero fault resistance) are considered. In order
to create more security margin and increase the reliability of the
proposed protection scheme with respect to unavoidable mea-
surement errors and other potential sources of signal distortion,
the PT value has been determined with an appropriate margin
of the average value of the minimum PI for internal faults and
the maximum PI for external faults

PT = KSMC

×
Minimum(PI)Internal Faults + Maximum(PI)External Faults

2

Minimum(PI)Internal Faults = 2.8

Maximum(PI)External Faults = 0.53

PT ≅ 1.2 ×
2.8 + 0.53

2
≅ 2 (30)

KSMC is Security Margin Coefficient (SMC) and has been set to
1.2. Therefore, the PT value has been selected equal to 2.

The maximum absolute value of the FPD for Positive-to-
Negative-pole (PN) faults is close to zero, and the minimum
absolute value of FPD for the pole-to-ground faults at the end
of the line with maximum fault resistance is greater than 1.
Hence, the PDT is determined considering a minimum margin
of about 100% from the PN faults. Based on extensive simula-
tion results, PDT has been selected equal to 1.

5 PERFORMANCE EVALUATION

5.1 Test system

In this work, the CIGRE benchmark system [35] (shown in
Figure 1) is studied and is simulated in the PSCAD/EMTDC
simulation environment. For HVDC transmission lines, the
frequency-dependent transmission line model is considered.
Also, since the sampling frequency of most practical protection
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FIGURE 9 Waveforms for a PG internal fault at 999 km with Rf = 500 Ω.
(a) Current modes. (b) PI. (c) FPD

FIGURE 10 Waveforms for a PN internal fault at 999 km with Rf = 500
Ω. (a) Current modes. (b) PI. (c) FPD

devices is 6.7 or 10 kHz [10], the low sampling frequency of
10 kHz has been considered with the simulation step at 10 μs.
The waveforms are sampled at 10-kHz sampling frequency and
are exported to MATLAB, in which the proposed scheme is
implemented. To evaluate the performance of the proposed
scheme, various faults, which occur at 1.5 s and last for 0.5 s,
are studied. All reported values are expressed in terms of per
unit.

5.2 Internal faults

In order to assess the performance of the proposed scheme,
internal faults, including PG and PN at the end of the transmis-
sion line at 999 km with a fault resistance of 500 Ω, is simu-
lated on the test system, and the simulation results are shown
in Figures 9 and 10, respectively. Figure 9(a) depicts the line-
mode and zero-mode measured current at the rectifier side. As
shown in Figure 9(b), before the disturbance in the HVDC sys-
tem, the energy of the MMG output in each data window is zero,
and the proposed scheme does not detect any fault. As shown
in this figure, since the PI exceeds the PT value, the proposed

FIGURE 11 Waveforms during an FR external fault with Rf = 0 Ω. (a)
Current modes. (b) PI. (c) FPD

FIGURE 12 Waveforms during an FI external fault with Rf = 0 Ω. (a)
Current modes. (b) PI. (c) FPD

scheme detects an internal fault. Figure 9(c) shows the FPD,
which exceeds the PDT and the positive pole is detected as the
faulted pole. In Figure 10, since the FPD is almost zero and PI
exceeds the PT value, the fault is identified as a PN internal fault.

5.3 External DC faults

Both external faults of FR and FI with zero fault resistance are
simulated, and the simulation results are reported in Figures
11 and 12. According to Figure 11(b), since the PI does not
exceed the PT value, the proposed scheme identifies this fault
as an external fault. Additionally, since the fault has occurred
behind the installed relay on the rectifier side, the sum of line
mode and zero mode are negative in this state, which means
that the fault has occurred behind the relay, as can be seen in
Figure 11(c). Also, considering Figure 12(b), similarly, since PI
does not exceed the PT value, the proposed scheme does not
send a trip signal. Moreover, as seen in Figure 12(c), since the
fault is on the positive pole, FPD exceeds PDT.

5.4 External AC faults

An ABC-G three-phase-to-ground external fault on the recti-
fier side and an AB-G two-phase-to-ground external fault on
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FIGURE 13 Waveforms during an AC external fault (ABC-G) at rectifier
side with Rf = 0 Ω. (a) Current modes. (b) PI. (c) FPD

FIGURE 14 Waveforms during an AC external fault (AB-G) at inverter
side with Rf = 0 Ω. (a) Current modes. (b) PI. (c) FPD

the inverter side are simulated with zero fault resistance. As can
be seen from Figure 13(b), the PI does not exceed the PT value,
indicating an external fault. Also, since the fault has occurred on
the rectifier side and is behind the relay, the line mode is nega-
tive, as can be seen from Figure 13(a). Furthermore, from Fig-
ure 14(b), since PI does not exceed the PT value, the proposed
scheme does not send the trip signal.

6 SENSITIVITY ANALYSIS

6.1 Effect of fault resistance and fault
location

To evaluate the performance of the proposed protection
scheme against fault resistance and location, various internal
faults, including PG and PN faults at different locations, and
with different fault resistance values (0, 250, 500, 750, and
1000 Ω) are simulated. Simulation results are presented in
Table 1. For external faults at the rectifier and inverter sides
and AC faults, the simulation results are reported in Table 2.
According to the presented results, the proposed scheme is not
sensitive to the fault resistance value and the fault location, and
it is capable to detect high-resistance faults up to 1000 Ω, close-

TABLE 1 Performance of the proposed protection scheme against
different fault resistances and locations in case of internal faults

Fault

type

Fault

location

(km) Rf (Ω) PI (p.u.) FPD

Protection

result

PG 1 0 117.989 1 Internal fault

250 77.587 1 Internal fault

500 30.119 1 Internal fault

750 15.748 1 Internal fault

1000 9.618 1 Internal fault

10 0 739.601 1 Internal fault

250 89.896 1 Internal fault

500 33.167 1 Internal fault

750 16.959 1 Internal fault

1000 10.238 1 Internal fault

100 0 496.009 1 Internal fault

250 81.053 1 Internal fault

500 30.869 1 Internal fault

750 15.520 1 Internal fault

1000 9.330 1 Internal fault

500 0 330.379 1 Internal fault

250 63.784 1 Internal fault

500 26.164 1 Internal fault

750 14.132 1 Internal fault

1000 8.825 1 Internal fault

800 0 321.407 1 Internal fault

250 60.779 1 Internal fault

500 24.525 1 Internal fault

750 12.976 1 Internal fault

1000 8.011 1 Internal fault

999 0 426.041 1 Internal fault

250 31.249 1 Internal fault

500 10.140 1 Internal fault

750 4.875 1 Internal fault

1000 2.855 1 Internal fault

PN 1 0 957.391 0 Internal fault

250 326.613 0 Internal fault

500 124.140 0 Internal fault

750 64.266 0 Internal fault

1000 39.101 0 Internal fault

10 0 2846.332 0 Internal fault

250 370.293 0 Internal fault

500 135.590 0 Internal fault

750 69.001 0 Internal fault

1000 41.554 0 Internal fault

100 0 3030.933 0 Internal fault

250 383.514 0 Internal fault

500 141.399 0 Internal fault

(Continues)
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TABLE 1 (Continued)

Fault

type

Fault

location

(km) Rf (Ω) PI (p.u.) FPD

Protection

result

750 68.682 0 Internal fault

1000 40.518 0 Internal fault

500 0 2233.021 0 Internal fault

250 315.373 0 Internal fault

500 119.451 0 Internal fault

750 119.451 0 Internal fault

1000 38.121 0 Internal fault

800 0 2091.523 0 Internal fault

250 281.106 0 Internal fault

500 105.419 0 Internal fault

750 54.716 0 Internal fault

1000 33.403 0 Internal fault

999 0 1998.189 0 Internal fault

250 129.164 0 Internal fault

500 41.320 0 Internal fault

750 19.912 0 Internal fault

1000 11.633 0 Internal fault

FIGURE 15 Effect of noise (during an FI external fault with Rf = 0 Ω by
adding 30-dB noise). (a) Current modes. (b) PI. (c) FPD

in faults, and far-end faults. Furthermore, the method is capable
of distinguishing internal faults from external faults.

6.2 Effect of noise

In order to investigate the effect of noise on the performance
of the proposed scheme, an NG external fault, FI, and an NG
internal fault at 999 km with 0-Ω fault resistance are consid-
ered. Then, an additive Gaussian noise with zero mean and vari-
ance corresponding to 30-dB signal-to-noise ratio is added to
the measured signals and, then, used as an input for the pro-
posed protection scheme. The simulation results are shown in
Figures 15 and 16. It can be seen from Figure 15(b) that the PI
is lower than the PT value, and an external fault is detected.

TABLE 2 Performance of the proposed protection scheme in case of
external faults

Fault

location

Fault

type Rf (Ω) PI (p.u.) FPD Protection result

FR PG 0 0.275 -1 External fault

FI PG 0 0.529 1 External fault

FA A-G 0 0.062 0 External fault

B-G 0 0.077 0 External fault

C-G 0 0.077 0 External fault

AB-G 0 0.056 0 External fault

BC-G 0 0.170 0 External fault

AC-G 0 0.188 0 External fault

AB 0 0.050 0 External fault

BC 0 0.148 0 External fault

AC 0 0.170 0 External fault

ABC-
G

0 0.218 0 External fault

FB A-G 0 0.046 0 External fault

B-G 0 0.182 0 External fault

C-G 0 0.044 0 External fault

AB-G 0 0.304 0 External fault

BC-G 0 0.233 0 External fault

AC-G 0 0.014 0 External fault

AB 0 0.266 0 External fault

BC 0 0.173 0 External fault

AC 0 0.038 0 External fault

ABC-
G

0 0.382 0 External fault

FIGURE 16 Effect of noise (during an NG internal fault at 999 km with
Rf = 0 Ω by adding 30-dB noise). (a) Current modes. (b) PI. (c) FPD

As shown in Figure 16(b), the PI exceeds the PT value, and
the proposed scheme detects an internal fault. Also, from Fig-
ures 15(c) and 16(c), the FDP exceeds the -PDT value, and the
faults have been identified as the NG faults. As a result, the pro-
posed scheme correctly distinguishes internal faults from exter-
nal faults when the input signal is also contaminated with mea-
surement noise.
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FIGURE 17 Effect of sampling frequency change (during a PN internal
fault at 500 km with Rf = 1000 Ω at sampling frequencies of 7.5, 10, 15, and 20
kHz). (a) Current modes. (b) PI. (c) FPD

FIGURE 18 Effect of sampling frequency change (during an FI external
fault with Rf = 0 Ω at sampling frequencies of 7.5, 10, 15, and 20 kHz). (a)
Current modes. (b) PI. (c) FPD

6.3 Effect of sampling frequency and data
window

In order to investigate the effect of sampling frequency on the
performance of the proposed scheme, a PN fault at the location
of 500 km with a fault impedance of 1000 Ω and an FI external
fault are simulated, considering sampling frequencies of 7.5, 10,
15, and 20 kHz. The results of the simulation are shown in Fig-
ures 17 and 18. As shown in Figure 17(b), the PI under all four
sampling frequencies exceeds the PT value, and the proposed
scheme detects an internal fault.

In addition, as seen in Figure 17(c), the PN fault has been
identified correctly. Figure 18(b) shows that the PI in all four
sampling frequencies does not exceed the PT value indicating
an external fault. Moreover, as seen in Figure 18(c), the PG fault
has been identified correctly. Furthermore, in order to investi-
gate the effect of data window length, a PG fault at the loca-
tion of 999 km with the fault impedance of 500 Ω and an FI

FIGURE 19 Effect of data window length change (during a PG internal
fault at 999 km with Rf = 500 Ω with data windows of 1.5, 3, 5, and 7 ms). (a)
Current modes. (b) PI. (c) FPD

FIGURE 20 Effect of data window length change (during an FI external
fault with Rf = 0 Ω with data windows of 1.5, 3, 5, and 7 ms) (a) Current modes.
(b) PI. (c) FPD

external fault are studied. Different data window lengths of 1.5,
3, 5, and 7 ms are considered. The output of the proposed
scheme for these four data windows is shown in Figures 19
and 20, respectively. Considering Figure 19(b) and (c), the PI
in all data windows exceeds the PT value; thus, an internal PG
fault is detected. It can be seen from Figure 20(b) that, in none
of the data windows, the PI does not exceed the PT value and
has a small value; therefore, an external fault has been identified.
Moreover, as seen in Figure 20(c), the PG fault is detected cor-
rectly. It is observed that the proposed scheme is not sensitive
to the sampling frequency and the length of data window.

6.4 Effect of DC filter parameters and the
smoothing reactor

In practice, parameters of DC filters and the smoothing reac-
tors may vary with temperature and aging. Thus, the sensitivity
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TABLE 3 Performance of the proposed protection scheme under different parameters of DC filter

Rectifier side Inverter side

Parameters of DC filter %CH PI (p.u.) FPD PI (p.u.) FPD Protection result

C1 30 30.25 –1 25.32 –1 Internal fault

10 27.13 –1 25.48 –1 Internal fault

–10 23.45 –1 25.54 –1 Internal fault

–30 17.88 –1 25.00 –1 Internal fault

L1 30 25.21 –1 25.49 –1 Internal fault

10 25.38 –1 25.50 –1 Internal fault

–10 25.65 –1 25.55 –1 Internal fault

–30 25.61 –1 25.49 –1 Internal fault

C2 30 22.50 –1 23.85 –1 Internal fault

10 24.22 –1 25.36 –1 Internal fault

–10 26.42 –1 25.57 –1 Internal fault

–30 28.00 –1 25.53 –1 Internal fault

L2 30 22.54 –1 23.39 –1 Internal fault

10 24.00 –1 25.17 –1 Internal fault

–10 26.25 –1 25.59 –1 Internal fault

–30 27.00 –1 25.15 –1 Internal fault

C3 30 25.88 –1 25.20 –1 Internal fault

10 25.77 –1 25.46 –1 Internal fault

–10 25.16 –1 25.57 –1 Internal fault

–30 24.20 –1 25.47 –1 Internal fault

L3 30 26.28 –1 25.15 –1 Internal fault

10 25.86 –1 25.44 –1 Internal fault

–10 25.15 –1 2.603 –1 Internal fault

–30 24.54 –1 25.60 –1 Internal fault

of the proposed scheme with respect to changes in the DC fil-
ter parameters and the smoothing reactor needs to be investi-
gated. Simultaneous change of all parameters of the DC filter
is complicated, and therefore, in each step, one of the DC fil-
ter parameters is changed, and the reliability of the proposed
scheme is evaluated. The Percentage of Changes (CH) in the
DC filter parameters and the smoothing reactor is expressed as
follows:

CH =
Simulation Parameter − Actual Parameter

Actual Parameter
× 100%.

(31)
An NG fault at 500 km from the rectifier side with a

fault resistance of 500 Ω is simulated to investigate the effect
of changing DC filter parameters, and the simulation results
are summarised in Table 3. It can be seen from Table 3
that compared with the parameter changes of C3, L1, and
L3, the proposed scheme is more sensitive to changes in
C1, C2, and L2. Nonetheless, if the single-element parame-
ters are changed with an error of ±10% or ±30%, the PI
still exceeds the PT value, and internal faults are reliably
distinguished.

Also, in order to investigate the effect of the smoothing reac-
tor changes on the proposed protection scheme, an NG inter-
nal fault at 500 km with a fault resistance of 500 Ω and exter-
nal faults, FR and FI, are simulated. The initial value for the
smoothing reactor is 300 mH. Then, the performance of the
proposed scheme is assessed by changing the reactor induc-
tance in the range of ±10% or ±30%. The simulation results
in Table 4 show that for internal faults, the effect of the reac-
tor inductance on the PI is not significant. For external faults,
increasing the reactor inductance results in decrease of the PI.
In the worst case, 30% reduction in the reactor size increases
the PI to 1.103, which is still lower than the PT value.

6.5 Effect of operation modes

To evaluate the sensitivity of the protection scheme to the sys-
tem operation mode, an internal NG fault at 999 km with
0-Ω fault resistance and an NG external fault, FI, are simu-
lated. The simulation results under various asymmetric oper-
ation modes are summarised in Table 5. As demonstrated in
this table, although the pre-fault current of the HVDC system
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TABLE 4 Performance of the proposed protection scheme under
different smoothing reactor sizes

Fault location

Fault

type %CH PI (p.u.) FPD

Protection

result

500 km (Rf =

500 Ω)
NG 30 26.515 –1 Internal fault

10 26.649 –1 Internal fault

0 26.733 –1 Internal fault

–10 26.822 –1 Internal fault

–30 27.062 –1 Internal fault

FR PG 30 0.171 –1 External fault

10 0.231 –1 External fault

0 0.275 –1 External fault

–10 0.333 –1 External fault

–30 0.535 –1 External fault

FI NG 30 0.307 –1 External fault

10 0.433 –1 External fault

0 0.521 –1 External fault

–10 0.665 –1 External fault

–30 1.103 –1 External fault

is 0.5 p.u., the PI value is still significantly larger than the PT
value; consequently, the fault is determined as an internal fault.
Moreover, in the case of the external fault, as PI is significantly
lower than the PT value, the fault is determined as an external
fault. From the results of the simulation in Table 5, it can be
observed that the operation modes do not have any effect on
the proposed protection scheme, and in this condition, there is
no need to modify threshold values.

6.6 Effect of change of power flow

To examine the sensitivity of the proposed scheme with respect
to changes in the power flow in transmission lines, the power
set point is changed at t = 1.5 s, and the simulation results for
changing power set point from 1 p.u. to 0.5 p.u. and 1 p.u. to 1.5
p.u. are shown in Figures 21 and 22, respectively. It can be seen
that the proposed protection scheme is not sensitive to changes
in the power flow.

6.7 Effect of non-ideal faults

The non-ideal faults with resistive–inductive characteristics are
also studied to evaluate the performance of the proposed pro-
tection scheme. Multiple faults at different locations with dif-
ferent values of fault impedance are simulated, and the simu-
lation results are reported in Table 6. It can be seen that the
proposed protection scheme can correctly distinguish non-ideal

faults in various fault locations and with various fault impedance
values.

6.8 Effect of different transmission line
lengths

In order to investigate the effect of line length on the perfor-
mance of the proposed scheme, an NG fault at the locations
250, 375, 500, 625, and 750 km with the fault impedance of 250
Ω and an FI external fault with the fault impedance of 0 Ω are
simulated, considering line lengths of 500, 750, 1000, 1250, and
1500 km. The simulation results are given in Table 7. As shown,
the proposed scheme under internal and external faults with dif-
ferent transmission line lengths has a satisfactory performance.

6.9 Field data test results

To further evaluate the accuracy of the proposed method, field
data measurements from the Lingzhou-Shaoxing ±800 kV, 5-
kA UHVDC system with the line length of 1720 km is extracted
from [9]. The current waveforms of the positive and negative
poles for four field data cases are depicted in Figure 23. The
output of the proposed scheme is reported in Table 8. The pro-
posed protection scheme is able to distinguish internal faults
from external ones.

6.10 Performance evaluation for a
multi-terminal HVDC grid

To evaluate the performance of the proposed method for a
case of multi-terminal HVDC networks, a four-terminal HVDC
grid test system (shown in Figure 24) that connects two offshor
wind farms (OWFs) to two main AC grids according to [36].
In the middle of the Over-Head Line 13 (OHL13), a PG fault
is applied, i.e. F13. As can be seen from Table 9, only OHL13
detects the F13 fault.

7 COMPARISON WITH THE OTHER
PROTECTION METHODS

The main protection for LCC-HVDC transmission lines can be
classified into four groups.

7.1 Methods based on travelling waves

These methods usually use both voltage and current signals.
Therefore, the accuracy of these methods is generally high due
to the use of both current and voltage signals for the fault detec-
tion. However, these methods are sensitive to fault resistance
and noise [5] and may have difficulties in detecting faults in long
lines and high impedance faults due to the dampening of travel-
ling wave.
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TABLE 5 Simulations results under asymmetrical operation modes

Operation mode Fault location PI (p.u.) FPD Protection result

U1 = 1.0 p.u. I1 = 1.0 p.u. 999 km 426.038 –1 Internal fault

FI 0.511 –1 External fault

U1 = 1.0 p.u. I1 = 0.9 p.u. 999 km 442.344 –1 Internal fault

FI 0.533 –1 External fault

U1 = 1.0 p.u. I1 = 0.8 p.u. 999 km 457.540 –1 Internal fault

FI 0.552 –1 External fault

U1 = 1.0 p.u. I1 = 0.7 p.u. 999 km 471.255 –1 Internal fault

FI 0.579 –1 External fault

U1 = 1.0 p.u. I1 = 0.6 p.u. 999 km 482.186 –1 Internal fault

FI 0.577 –1 External fault

U1 = 1.0 p.u. I1 = 0.5 p.u. 999 km 491.376 –1 Internal fault

FI 0.561 –1 External fault

U1 = 0.9 p.u. I1 = 1.0 p.u. 999 km 427.661 –1 Internal fault

FI 0.508 –1 External fault

U1 = 0.8 p.u. I1 = 1.0 p.u. 999 km 427.232 –1 Internal fault

FI 0.527 –1 External fault

U1 = 0.7 p.u. I1 = 1.0 p.u. 999 km 428.030 –1 Internal fault

FI 0.489 –1 External fault

U1 = 0.6 p.u. I1 = 1.0 p.u. 999 km 430.681 –1 Internal fault

FI 0.510 –1 External fault

TABLE 6 Performance of the proposed protection scheme in case of
non-ideal faults

Fault

type

Fault

location

R f (𝛀),

l f (mH) PI (p.u.) FPD

Protection

result

PG 100 km 500, 20 30.381 1 Internal fault

500, 50 25.634 1 Internal fault

500, 100 20.413 1 Internal fault

900 km 500, 20 22.408 1 Internal fault

500, 50 18.995 1 Internal fault

500, 100 7.962 1 Internal fault

PN 900 km 500, 20 102.162 0 Internal fault

500, 50 78.579 0 Internal fault

500, 100 34.901 0 Internal fault

PG FI 0, 20 0.424 1 External fault

FR 0, 20 0.229 –1 External fault

7.2 Methods based on boundary
characteristics

These methods usually use WT or FT to extract high-frequency
components, which, in general, require intensive computations.
In addition, these methods might not be able to protect the
entire length of transmission lines due to attenuation of high-

FIGURE 21 Decreasing power set point from 1 p.u. to 0.5 p.u. (a) Line-
mode current. (b) PI

FIGURE 22 Increasing power set point from 1 p.u. to 1.5 p.u. (a) Line-
mode current. (b) PI

frequency components for faults close to the inverter station
with high fault resistance values. Also, in [20], the energy ratio
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TABLE 7 Performance of the proposed protection scheme against different transmission line lengths

Fault type Fault location (km) line length (km) PI (p.u.) FPD Protection result

NG Rf = 250 (Ω) 250 500 63.465 –1 Internal fault

375 750 64.167 –1 Internal fault

500 1000 65.226 –1 Internal fault

625 1250 43.028 –1 Internal fault

750 1500 54.915 –1 Internal fault

PG Rf = 0 (Ω) FI 500 0.571 1 External fault

FI 750 0.795 1 External fault

FI 1000 0.529 1 External fault

FI 1250 0.523 1 External fault

FI 1500 0.567 1 External fault

TABLE 8 Performance of the proposed protection scheme for four field data cases

Operation mode

Applied Fault Fault type Vn (kV) In (kA) PI (p.u.) FPD Protection result

FD_Case 1 PG internal fault close to the rectifier 800 0.5 52.300 1 PG Internal fault

FD_Case 2 PG internal fault close to the inverter 800 0.5 113.206 1 PG Internal fault

FD_Case 3 NG internal fault close to the inverter 800 0.5 84.328 –1 NG Internal fault

FD_Case 4 External AC fault 400 0.5 0.633 0 External fault

FIGURE 23 Current waveforms of four field data cases of the UHVDC
system. (a) Current waveform of the positive pole. (b) Current waveform of the
negative pole

FIGURE 24 Four-terminal HVDC grid

of the third level of the MMG of the voltage signal to the energy
of the first level is used to discriminate the internal and external
faults. Our proposed scheme uses third level of MMG energy
to distinguish internal and external faults, which provide higher
reliability compared to the energy ratio of the third to the first
levels. Furthermore, in this work, zero mode is used to detect
the faulty pole, which has been shown to be very effective.

7.3 Methods based on current differential

Due to having long transmission line in HVDC systems, the
capacitance effect of transmission lines is significant in the
fault transient period; hence, these methods have a delay time
of about several hundreds of milliseconds. Therefore, the

TABLE 9 Performance of the proposed protection scheme during a PG
fault at F13 at 250 km with Rf = 0 Ω and Rf = 100 Ω

Fault

location Rf (Ω) lines PI (p.u.) FPD Protection result

F13-PG
250
km

0 Cable 12 1 –1 External fault

OHL 13 28.875 1 Internal fault

Cable 14 1.080 –1 External fault

100 Cable 12 1.204 –1 External fault

OHL 13 13.591 1 Internal fault

Cable 14 1.24 –1 External fault
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TABLE 10 Comparison of the proposed protection scheme with the existing protection methods

Protection method

Sampling

rate (kHz)

Maximum

detectable

fault

resistance

(Ω)

Data

window

(ms)

Investigate

the effect

of noise

Operating

time (ms)

Sensitivity

to

operation

modes

Computational

tool

Signal

used

Need for data

exchange

Proposed scheme 10 1000 3 Yes <3 No MMG Current No

Methods based on
travelling wave

[8] 10 100 1 No <5 Yes – Voltage &
Current

No

[9] 10 500 2 No <5 No TEO Voltage &
Current

No

[10] 200 100 – No – – – Voltage &
Current

Yes

[11] 200 100 – Yes – – WT Voltage &
Current

Yes

Methods based on
current
differential

[12] 1 500 20 No – – – Current Yes

[13] 10 500 – No – Yes – Current Yes

[14] – – – No – – – Voltage &
Current

Yes

[15] 3.6 300 – No >5 Yes – Current Yes

[16] 6.4 300 2 No >5 Yes – Current Yes

Methods based on
boundary
characteristics

[17] 4 500 20 No >20 Yes FT Current Yes

[18] 14.4 500 5 No >20 Yes FT Current No

[19] 20 250 3 No >20 No FT Current No

[20] 20 500 10 Yes >10 - MMG Voltage No

[21] 10 500 3 No <5 - WT Voltage No

Methods based on
transient signals

[22] 2 300 - No - Yes - Voltage &
Current

Yes

[23] 2 - - No - - - Voltage &
Current

Yes

[24] 20 1000 10 Yes - No Butterworth
band-pass filter

Voltage &
Current

Yes

[25] 100 300 5 No - - ST Voltage &
Current

Yes

[26] 10 500 - Yes - - PCC Current Yes

[27] 20 1000 5 No <20 - - Voltage &
Current

Yes

capacitance effect must be considered, which increases the com-
putational burden of these methods. The protection scheme
proposed in this work can send the trip signal in less than 3 ms.
Moreover, these methods are unit protection, while the pro-
posed protection scheme is non-unit protection.

7.4 Methods based on transient signals

These methods are unit protection and usually have high com-
putational burden than the proposed scheme, as well as use both
current and voltage signals. Besides, only studies [24] and [27]
can detect faults with fault resistance values up to 1000Ω. These
methods are unit protections and use both voltage and current
signals, while the proposed scheme is a non-unit protection and
uses only the current signal.

Compared to the existing methods, the proposed scheme
provides the following advantages.

In terms of the dependability of the protection system, the
proposed protection scheme provides the ability to discrimi-
nate internal faults from external ones and to detect faulted
pole for various internal fault conditions, fault location, fault
resistances, external DC and AC faults, change of sampling
frequency and data window length, non-ideal faults, change
of power flow, change of DC filter parameters and smooth-
ing reactor, change of operation mode, and measurement
noise.

With regard to the security aspects, the proposed protection
scheme is robust against external faults such as faults at the rec-
tifier side and faults at the inverter side.

Regarding the speed, the protection can trip for internal faults
in less than 3 ms.
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Concerning the selectivity, the protection scheme protects
the entire length of the line without any dead zone and does
not mal-operate for external faults.

Finally, the protection scheme is able to correctly operate
under high fault resistance up to 1000 Ω.

In summary, in Table 10, each group has been compared
in terms of the sampling frequency, maximum detectable fault
resistance, data window length, investigate the effect of noise,
operation time, computational tool, sensitivity to operation
mode, the used signal, and need for data exchange with the pro-
posed protection scheme.

8 CONCLUSION

This paper proposes a novel non-unit protection scheme using
the MMG of DC current to protect transmission lines in bipo-
lar LCC-HVDC systems. The proposed scheme is based on the
effect of the filter–reactor unit on attenuating high-frequency
current travelling waves propagated from the fault location to
the ends of transmission lines. The energy of the MMG of
the current travelling waves is used to discriminate internal and
external faults, and the sum of zero-mode current during 20
samples after the fault is used to detect the faulty pole. The per-
formance of the proposed scheme is evaluated by extensive sim-
ulation studies considering different internal fault conditions,
DC and AC external faults, change of sampling frequency and
data window length, non-ideal faults, change of power flow, size
change of DC filter parameters and smoothing reactor, change
of operation mode, noise, and field data. Both simulation data
and field data test results show that the proposed protection
scheme is able to detect faults accurately in less than 3 ms for
various internal fault conditions and faults with the fault resis-
tance values of up to 1000 Ω. The evaluation confirms the relia-
bility, stability, sensitivity, and the speed of the proposed scheme
in the protection of LCC-HVDC transmission lines.

Advantages of the proposed protection scheme are as fol-
lows:

∙ The method uses local current measurements;
∙ Does not require a communication link and GPS;
∙ Uses a relatively low sampling rate of 10 kHz;
∙ Is able to detect high fault resistance up to 1000 Ω;
∙ Low computational burden thanks to MMG;
∙ Very fast operation time;
∙ Is not sensitive to operation modes;
∙ Protect the entire length of the line.

Since the required signals are all available by the existing mea-
surement platforms, the proposed protection scheme can be
straightforwardly implemented in existing hardware platforms
without additional requirements.
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APPENDIX A

The nominal values of the test system, the structure of the trans-
mission line towers, and the filter–reactor unit are explained in
Table A.1, Figure A.1, and Figure B.1, respectively.

TABLE A.1 Test system ratings and description

Parameter (Unit) Rectifier side Inverter side

Power (MW) 2000 2000

dc voltage (kV) ±500 ±500

Line-to-line ac voltage (kV) 345 230

Frequency (Hz) 50 50

SCR 2.5 2.5

Equivalent impedance (Ω) 2.53 ∠84 2.05 ∠75

DC filter Triple tuned Triple tuned

Smoothing reactor (mH) 300 300

Line length (km) 1000

FIGURE A.1 Tower structure of the transmission lines

FIGURE B.1 The structure and parameters of the filter–reactor unit
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