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A Setting-Less and Boundary-Element-Independent
Directional Pilot Protection for Multiterminal

HVDC Systems
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Abstract—The application scenarios of high-voltage direct cur-
rent systems are becoming increasingly diverse, featuring complex
and variable topologies as well as boundary conditions. Existing
single-ended protection methods for dc lines cannot ensure selec-
tivity of operation in the absence of line boundaries. The pilot
protection can identify faults without relying on line boundaries,
but it generally depends heavily on precise system parameters or re-
quires a cumbersome threshold value selection process. This study
analyzes the transient impedance phase-frequency characteristics
of dc systems after faults under three typical scenarios, i.e., no
boundary, dc reactor boundary, and dc filter boundary. Based
on the polarity characteristic of high-frequency transient power
during forward and backward faults, a novel directional pilot
protection for dc lines is proposed. Compared to existing methods,
this approach does not depend on system parameters or boundary
elements, and eliminates the need for threshold setting, signif-
icantly reducing the complexity of engineering implementation
and maintenance. Finally, a prototype of the fast directional pilot
protection device is developed based on the proposed method, and
extensive hardware-in-loop testing is conducted on the real time
digital simulator platform to validate its operation performance.

Index Terms—Directional pilot protection, high-voltage direct
current (HVDC) systems, line boundary, setting-less.

I. INTRODUCTION

A S the demand for large-scale renewable power transmis-
sion over long distances has increased, the advantages
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of high-voltage direct current (HVDC) systems, such as low
transmission losses, high transmission capacity, and compact
power corridors, have become increasingly apparent. However,
the limited overcurrent ability of power electronic devices in
HVDC systems, particularly the modular multilevel converter
(MMC) based HVDC systems, imposes higher requirements
for protection techniques [1]. Currently, the dc line protection
mainly includes single-ended and pilot protections, with the
former typically serving as the main protection and the latter
as backup protection. With the development of dc transmission
technology, the application scenarios of dc systems are becom-
ing more complex, e.g., long-distance power transmission on
land, asynchronous grids interconnection, and offshore wind
power transmission [2], [3]. In the above scenarios, the topology
of the dc system, types of converter stations, and configuration of
components such as filters and current limiters vary significantly,
presenting new challenges for the sensitivity and reliability of
dc line protections.

The single-ended protection based on change or rate of change
of electrical quantities, such as voltage and current traveling
wave (TW), is widely used in line-commutated converter based
HVDC (LCC-HVDC) systems [4]. However, existing research
indicates that, the typical single-ended TW based protections
have weak ability against high transition resistance. To improve
the ability against transition resistance, Zhang et al. [5] utilized
0-mode fitted parameters to reflect fault distance and impedance,
then adaptively adjusted the threshold value of rate of change
of voltage protection, thereby enhancing tolerance to transition
resistance. Zhang et al. [6] used a zero-mode fault current at
the midpoint of the line as a reference, and constructed criteria
for identifying internal and external faults using the Pearson
correlation coefficient. It can improve the ability against tran-
sition resistance, however, is not suitable for bipolar faults. In
MMC-HVDC systems, the existence of the current-limiting re-
actor creates more beneficial features for protection against tran-
sition resistance. Consequently, researchers have used wavelet
transform to extract high-frequency transient information to
design protections [7]. In addition, Zhang et al. [8] introduced
a model recognition method using the Levenberg-Marquardt
optimization algorithm to identify fault modes from measured
fault voltages and distinguish fault segments, offering notable
advantages, such as eliminating the need for threshold setting.
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It should be noted that the aforementioned single-ended pro-
tections are all dependent on the boundary elements at both
ends of the line, such as dc filters and dc reactors. As the
scale and topology complexity of HVDC systems increase,
these boundary elements may no longer be installed at the ends
of lines. For example, in Kun-Liu-Long three-terminal HVDC
system in China, because the used converters themselves have
the fault current limiting and clearing capability [9], [10], there
is no need to install current-limiting reactors at either end of
the lines anymore (reactors were installed only at the outlets
of the converter stations). In addition, in offshore wind power
HVDC transmission systems, the volume and weight constraint
on offshore platforms typically result in the absence of filters,
current-limiting reactors, or other boundary elements at the line
end. In such cases, single-ended protections based on boundary
characteristics struggle to ensure selectivity and cannot achieve
a full-line quick action.

Pilot protections typically utilize information from both ends
of the line to achieve fault discrimination, such as current dif-
ferential protection and directional pilot protection. In theory, it
offers absolute selectivity and high sensitivity [11]. Therefore,
the pilot protection can be considered as the primary protection
for dc lines in multiterminal HVDC systems where boundary
elements are absent. The existing current differential protec-
tion for dc lines directly utilizes the sampled current values
from both ends to calculate the differential current. To avoid
the unbalanced current caused by the transient charging and
discharging of long-line distributed capacitors, a delay of several
hundred milliseconds or more is typically required, resulting in
an operating time of the order of seconds [12]. To address this
issue, Tzelepis et al. [13] proposed to design differential protec-
tion criteria using currents measured from multiple points along
the line, to reduce the influence of the distributed capacitance
current. It can improve the operating speed of current differential
protection to a certain extent but does not fundamentally resolve
the issue of distributed capacitance currents. Gao et al. [14], and
Liu et al. [15] introduced the Bergeron-model-based current dif-
ferential protection principle, which automatically compensates
for the distributed capacitance current, and thus significantly
reduce the operation time.

The current differential protection requires transmitting ana-
logue signals, which imposes high demands on communication
and synchronization. In contrast, the directional pilot protection
only needs to transmit digital directional signals without the
need for data synchronization, significantly reducing the com-
plexity of engineering implementation. Moreover, to simplify
engineering implementation, most of manufacturers’ dc protec-
tion hardware platforms currently do not allocate channels for
signal synchronization. So the technical advantages of direc-
tional pilot protection are further highlighted. Kong et al. [16]
utilize the energy of fault voltage TW to construct a direc-
tional criterion. Yu and Xiao [17], and Li et al. [18] extracted
high-frequency transient to mitigate the adverse effect of line
parameters frequency-dependent character on the TW-based
directional pilot protection. Above directional pilot protections
have excellent performance in HVDC systems, while the main

drawback is the high dependence on system parameters (such as
line wave impedance).

The aforementioned pilot protections, such as current differ-
ential protection and directional pilot protection, do not rely on
line boundaries. However, the design of the protection criteria
requires prior acquisition of accurate system parameters, and the
threshold value setting process is complex. In different appli-
cation scenarios and climatic conditions, accurately obtaining
system parameters, especially those of the line, and making
real-time adjustments to the thresholds can be challenging, un-
dermining the reliability and robustness of protection. Therefore,
for various HVDC transmission application scenarios, such as
“sandy areas” and “deep offshore,” further research is needed
to develop new dc protection principle that is more universally
applicable and easier to implement in engineering contexts.

To this end, this study proposes a novel directional pilot pro-
tection algorithm. The main innovation and technical advantages
of this study are as follows.

1) The phase-frequency characteristics of transient
impedance during forward and backward faults in
dc systems with different boundary conditions were
analyzed. It is then concluded that the maximum value
polarity of high-frequency transient power is negative
after forward faults, and positive after backward faults.

2) A novel directional pilot protection based on high-
frequency transient power polarity is proposed. This
method does not rely on line boundary conditions or
system parameters, and eliminates the need for threshold
value setting. This significantly reduces the burden on
engineering personnel and is suitable for a wider range
of scenarios.

3) A prototype device based on the proposed pilot protec-
tion is developed, and comprehensive hardware-in-loop
(HIL) experiments sufficiently validate the effectiveness
and superiority of the proposed method.

The rest of this article is organized as follows. Section II
analyzes the polarity characteristics of high-frequency transient
power during forward and backward faults, under different
boundary conditions. Section III presents a directional pilot
protection based on high-frequency transient power. In Sec-
tion IV, the simulation case studies are carried out to validate
the performance of the proposed protection. And in Section V,
the protection prototype is developed, which is tested by HIL
experimental cases. Finally, Section VI concludes this article.

II. FAULT CHARACTERISTICS UNDER DIFFERENT LINE

BOUNDARY CONDITIONS

This section analyzes the polarity characteristics of transient
power after dc line faults, providing a theoretical foundation
for the design of directional pilot protection. To discuss the
characteristics of the transient power polarity under different
boundary conditions, this analysis uses a three-terminal hybrid
HVDC system shown in Fig. 1 as an example. In Fig. 1, S1

represents a 12-pulse LCC station, whereas S2 and S3 denote
the hybrid-bridge MMC stations. These are the most commonly
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Fig. 1. Topology of a multiterminal hybrid HVDC (MTDC) system and lattice
diagram of TWs after a DC fault.

used converter types in HVDC transmission systems. As illus-
trated, the system features three boundary conditions: the M port
of Line1 is equipped with a dc filter and a smoothing reactor as a
boundary, the Q port of Line2 is equipped with a current-limiting
reactor as a boundary, while the N port of Line1 and P port of
Line2 lack boundary elements. Above three boundary conditions
encompass all possible line boundary scenarios in a dc system,
allowing the relevant analytical conclusions to be applicable to
various types of HVDC systems.

A. High-Frequency Power Characteristics Under Forward
Faults

According to circuit theory, the voltage u and current i on a
uniform transmission line with unit length resistance r, induc-
tance L, conductance g, and capacitance C satisfy the following
equation: {

∂u
∂x + L ∂i

∂t + ri = 0
∂i
∂x + C ∂u

∂t + gu = 0.
(1)

In the frequency domain, (1) can be expressed as –
dU(jω)/dx = ZI(jω), –dI(jω)/dx = YU(jω), where Z = r + jωL,
Y = g + jωC. For the sake of brevity, “jω” after the letter is
omitted in the subsequent text, and only capital letters are used
to denote physical quantities in the frequency domain. For dc
lines, considering the coupling between the positive and negative
poles, the positive and negative voltages UP and UN, as well as
the positive and negative currents IP and IN, satisfy⎧⎪⎪⎪⎨

⎪⎪⎪⎩
− d

dx

[
UP

UN

]
=

[
Zs Zm

Zm Zs

] [
IP
IN

]
− d

dx

[
IP
IN

]
=

[
Ys Ym

Ym Ys

] [
UP

UN

] (2)

where Zs, Zm, Ys, and Ym represent the self-impedance, mutual
impedance, self-admittance, and mutual admittance of the line,
respectively.

The solution to (2) is quite complex. Decoupling is typically
achieved using the pole-to-mode transformation shown in the
following: [

U0

U1

]
=

1√
2

[
1 1
1 −1

] [
UP

UN

]
,

[
I0
I1

]
=

1√
2

[
1 1
1 −1

] [
IP
IN

]
(3)

where U0 and U1 represent the 0-mode and 1-mode voltage,
while I0 and I1 represent the 0-mode and 1-mode current. By
combining (2) and (3), the general solution for the voltage and
current can be expressed as follows:{

U0 (x) = F0e
−γ0x +B0e

γ0x

I0 (x) =
F0

Z0
e−γ0x − B0

Z0
eγ0x ,

{
U1 (x) = F1e

−γ1x +B1e
γ1x

I1 (x) =
F1

Z1
e−γ1x − B1

Z1
eγ1x (4)

where Z0 = [(Zs + Zm)/(Ys + Ym)]0.5, Z1 = [(Zs – Zm)/(Ys –
Ym)]0.5, γ0 = [(Zs + Zm)(Ys + Ym)]0.5, γ1 = [(Zs – Zm)(Ys –
Ym)]0.5 represent the 0-mode wave impedance and propagation
constant, as well as the 1-mode wave impedance and propagation
constant. F0 and B0 denote the amplitudes of the forward and
backward TWs of the 0-mode voltage, while F1 and B1 denote
the amplitudes of the forward and backward TWs of the 1-mode
voltage. The method proposed in this study is mainly designed in
1 mode. If not specified, all physical quantities in the following
sections are 1-mode components and no longer labeled with the
subscript “1.”

From (4), in the mode domain, voltage and current can be
decomposed into forward and backward TWs. Considering the
propagation process of fault TWs, when a fault occurs in a dc
line, a TW source is generated at the fault point within the
fault component network. This TW propagates along the line to
both ends, becoming the first incident wave (the first backward
TW) at the endpoints. Simultaneously, the wave reflects at the
endpoints, forming the first reflected wave (the first forward
TW). The reflected wave is equal to the incident wave multiplied
by the reflection coefficient. If there is a line on the other side
of the endpoint, the incident wave will also cross the endpoint,
creating the first refracted wave (the first forward TW of the
adjacent line). As time progresses, the fault wave will undergo
multiple reflections and refractions within the system; therefore,
the voltage or current change at any point is the superposition
of all forward and backward TWs at that point.

Fig. 1 illustrates the TW propagation process when a fault
occurs at point F (f2 for instance) on Line1. This fault is a forward
fault for the protections at M, N, and Q. In frequency domain, the
transient voltage caused by the TW can be expressed as follows:

ΔUX = U
(1)
Xb + U

(2)
Xb + U

(3)
Xb + . . .︸ ︷︷ ︸

Incident wave at port X

+ U
(1)
Xf + U

(2)
Xf + U

(3)
Xf + . . .︸ ︷︷ ︸

Reflected wave at port X
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+ U ′(1)
Xf + U ′(2)

Xf + U ′(3)
Xf + . . .︸ ︷︷ ︸

Refracted wave from Line2 to Line1

= U
(1)
Xb + U

(2)
Xb + U

(3)
Xb + . . .︸ ︷︷ ︸

Incident wave at port X

+ βX ·
Incident wave at port X︷ ︸︸ ︷

(U
(1)
Xb + U

(2)
Xb + U

(3)
Xb + . . .)︸ ︷︷ ︸

Reflected wave at port X

+Afb ·
Incident wave at port X︷ ︸︸ ︷

(U
(1)
Xb + U

(2)
Xb + U

(3)
Xb + . . .)︸ ︷︷ ︸

Refracted wave from Lin e2 to Line1

= (1 + βX +Afb) · (U (1)
Xb + U

(2)
Xb + U

(3)
Xb + . . .), (5)

where subscript X represents the protection at M, N, or Q,
subscript b the backward TW, subscript f the forward TW,
and superscript (i) represents the ith propagation of the TW.
β denotes the reflection coefficient at the protection position.
UXf

’(i) represents the forward TW that is refracted from UXb
(i)

to the adjacent line, then reflected back from the opposite end of
the adjacent line, and subsequently refracted back to the original
line. The definition of IXf

’(i) in (6) is similar to that of UXf
’(i). Afb

denotes the ratio of the same-time UXf
’(i) to UXb

(i). Accordingly,
the transient current at protections M, N, and Q caused by the
propagation of fault TW can be expressed as (6).

From Fig. 1, for the protections where adjacent lines do not
exist (such as M and Q), Afb = 0. For protection N, before
the TW is refracted from Line2 to Line1, namely, during the
interval [t0, t0+2l2/v) (where t0 denotes the moment when
the first travelling wave reaches protection N and l2 represents
the length of Line2), Afb can be considered to be zero. Conse-
quently, (6) can be simplified to (7)

ΔIX = IXb(1) + I
(2)
Xb + I

(3)
Xb + . . .︸ ︷︷ ︸

Incident wave at port X

+ I
(1)
Xf + I

(2)
Xf + I

(3)
Xf + . . .︸ ︷︷ ︸

Reflected wave at port X

+ I
′(1)
Xf + I

′(2)
Xf + I

′(3)
Xf + . . .︸ ︷︷ ︸

Refracted wave from Line2 to Line1

= −1/ZC · (U (1)
Xb + U

(2)
Xb + U

(3)
Xb + . . .)︸ ︷︷ ︸

Incident wave at port X

+ 1/ZC · βX · (U (1)
Xb + U

(2)
Xb + U

(3)
Xb + . . .)︸ ︷︷ ︸

Reflected wave at port X

+ 1/ZC ·Afb · (U (1)
Xb + U

(2)
Xb + U

(3)
Xb + . . .)︸ ︷︷ ︸

Refracted wave from Line2 to Line1

= (−1 + βX +Afb)/ZC · (U (1)
Xb + U

(2)
Xb + U

(3)
Xb + . . .)

=
−1 + βX +Afb

ZC (1 + βX +Afb)
ΔUX. (6)

TABLE I
PARAMETERS OF THE THREE-TERMINAL HYBRID DC SYSTEM

TABLE II
DC LINE PARAMETERS

ΔIX=
−1+βX

ZC (1+βX)
ΔUX=

−1+ ZX−ZC

ZX+ZC

ZC

(
1+ ZX−ZC

ZX+ZC

)ΔUX =−ΔUX

ZX

(7)

where ZX represents the transient impedance observed from the
line toward the back of the protection.

The polarity characteristics of the transient voltage and cur-
rent are highly correlated with the phase characteristics of the
transient impedance. The following sections analyze the phase-
frequency characteristics of the transient impedance under dif-
ferent boundary conditions. According to the topology shown
in Fig. 1, the reflection coefficients βX at different locations can
be calculated, allowing the transient impedances for the three
boundary conditions to be derived as follows:

ZM = Zfilter|| (ZS1 + jωLdc_S1) (8)

ZN = ZC|| (ZS2 + jωLdc_S2) (9)

ZQ = ZS3 + jωLdc_S3 (10)

where ZS1, ZS2, and ZS3 represent the equivalent impedances
of converter stations S1, S2, and S3, respectively, and their
specific calculation methods are detailed in paper [19]. Ldc_S1,
Ldc_S2, and Ldc_S3 are the dc inductances at the outlets of the
three converter stations, respectively. Zfilter is the equivalent
impedance of the double-tuned dc filter on the outlet of the LCC
station. According to Fig. 1, Zfilter = jωL1 + 1/(jωC1) + (jωL2)
|| (1/jωC2). ZC denotes the line wave impedance [20].

Using the parameters of a specific three-terminal hybrid dc
system in China (as listed in Tables I and II), the phase-frequency



HE et al.: SETTING-LESS AND BOUNDARY-ELEMENT-INDEPENDENT DIRECTIONAL PILOT PROTECTION 885

(a)

(b) (c) (d)

Fig. 2. Phase angle of transient impedance ZX and characteristic of high-
frequency transient power phf. (a) The phase angle of the transient impedance
ZX under different frequencies. (b) Normalized phf under forward faults with
boundary. (c) Normalized phf under forward faults without boundary. (d) Nor-
malized phf under backward faults.

characteristics of the transient impedance are calculated and
illustrated in Fig. 2(a).

For protection M, the line boundary consists of a dc fil-
ter and a smoothing reactor. Because the impedance of the
smoothing reactor rapidly increases with the frequency, the
transient impedance characteristics at M primarily depend on
the characteristics of the lower-value filter impedance in the
high-frequency range. The tuning frequencies of the double-
tuned filter are 600 and 1200 Hz, designed to filter out the 12th
and 24th harmonics, respectively [21]. Conventional double-
tuned filters are composed solely of capacitive and inductive
components [22], resulting in phase values of only π/2 and –π/2,
with a sudden phase change occurring at each tuning frequency.
As shown in Fig. 2(a), beyond 1200 Hz, the capacitive reactance
of the filter becomes significantly smaller than its inductive
reactance, resulting in a phase angle of π/2 for the transient
impedance in the frequency range above 1200 Hz, indicating
inductive characteristic.

For protection Q, the line boundary is a current-limiting
reactor. The transient impedance ZQ comprises the reactor
impedance and converter station impedance in series. As the
frequency increases, the inductive components of the converter
station impedance and current-limiting reactor gradually dom-
inate. As illustrated in Fig. 2(a), in the high-frequency range,
the phase angle of the transient impedance ZQ approaches π/2,
displaying predominantly inductive characteristic.

In contrast, for the boundary-less scenario (taking protection
N as an example), the phase angle of the transient impedance
beside the protection gradually approaches 0° with frequency
increasing, exhibiting resistive characteristic. This is because, in
high-frequency range, ZS2+jωLdc_S2 becomes much larger than
the line wave impedance ZC, rendering the transient impedance
approximately equal to the resistive line wave impedance [23].

Therefore, according to (6), for scenarios in which the line
has boundaries (such as with a filter and smoothing reactor
or with only a current-limiting reactor), the transient current
leads the transient voltage by π/2 in the high-frequency range

(such as >1200 Hz). Differently, in the case of a boundary-less
condition, the transient current leads the transient voltage by
only a small phase angle α in high-frequency range, and
α quickly approaches 0° as the frequency increasing.

The high-frequency components of voltage and current after
a dc fault appear as quickly-attenuated signals in time domain.
Let the high-frequency component of the transient voltage at
port X be represented as uX-hf = Uhf0e−σtsin(ωt+ϕ0). Uhf0 is
the amplitude of the transient voltage signal, σ is the attenu-
ated coefficient, and ϕ0 is the initial phase of the signal, with
0≤ϕ0<2π. Then, the high-frequency component of the current
can be expressed as follows:

iX−hf =

{− Uhf0

|ZX−hf |e
−σt sin(ωt+ ϕ0 − π

2 ), with boundary

− Uhf0

|ZX−hf |e
−σt sin(ωt+ ϕ0 − α), no boundary

(11)
where iX-hf represents the high-frequency component of the
transient current at line port X and |ZX-hf| denotes the amplitude
of the high-frequency transient impedance at port X. When X is
M or Q, it corresponds to the case with boundary elements. When
X = N, it represents the case without boundary. It is important
to note that in the presence of boundary elements, the transient
impedance is inductive, meaning that the high-frequency com-
ponent of the transient current cannot experience abrupt change,
and so its initial value is zero. Consequently, it can be deduced
that the initial phase of the high-frequency voltage component
is ϕ0 = π/2, under the condition with boundary elements.

Furthermore, the high-frequency transient power caused by
the fault TW can be expressed as follows:

pX−hf = uX−hf iX−hf

=

⎧⎨
⎩

0.5U2
hf0

|ZX−hf | e
−2σt cos

(
2ωt+ π

2

)
, with boundary

0.5U2
hf0

|ZX−hf | e
−2σt [cos (2ωt+2ϕ0−α)−cos (α)], no boundary.

(12)

According to (12), the characteristics of high-frequency tran-
sient power under forward faults can be obtained as follows. For
scenarios where the line has boundaries, regardless of the atten-
uated coefficient σ, the high-frequency transient power reaches
its maximum value phf(kmax) at t = π/4ω (kmax indicates the
moment when the high-frequency transient power achieves its
maximum), as shown in Fig. 2(b). And the sign of the maximum
value is negative.

For cases where the line lacks boundary, because α is a small
value approaching zero, cosα is a positive value greater than
zero. Therefore, the expression cos(2ωt + 2ϕ0 – α) – cosα be-
comes a cosine function shifted toward the negative half-axis. If
the exponential decay term e−2σ t is ignored, the maximum value
of phf must be negative. When considering the e−2σ t term, it can
be inferred from (12) that the polarity of phf is also related to the
initial phase 2ϕ0 − α, frequency f, and attenuated coefficient σ.
The coefficient σ determines the order of appearance between
the first crest and the first trough, with two extreme cases: when
2ϕ0−α=π, the first trough of the cosine function occurs at t=0
and is unaffected by e−2σ t. For t> 0, phf will continuously decay
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over time, resulting in a maximum value of phf that is necessarily
negative. Conversely, when 2ϕ0 − α= 0, the first crest appears
at t= 0, followed by the first trough after half a cycle, which will
be subject to exponential attenuation. Obviously, the smaller f
is, the longer the time interval between the crests and troughs,
resulting in a greater amplitude difference between the two
due to attenuation. Additionally, as the frequency decreases, α
increases and cosα decreases, leading to a reduced negative bias
in the cosine function. In summary, when both σ andα are large,
f is small, and 2ϕ0 − α = 0, the negative polarity characteristic
of the maximum value of phf will be most severely affected.

As discussed in the following, the frequency range of ex-
tracted high-frequency power is selected as 1.25–2.5 kHz. Ac-
cording to simulation results of faults at different locations, fit the
extracted high-frequency voltage using uX-hf = Uhf0e−σtsin(ωt
+ ϕ0). It can be found that, the attenuated coefficient σ is
always below 2000. And the value of α will not exceed π/6
under different system parameters. Therefore, considering the
worst-case scenario, set σ= 2000,α= π/6,ω= 2π× 1250, and
ϕ0 =α/2= π/12. The waveform of the high-frequency transient
power under boundary-less condition is displayed as shown in
Fig. 2(c). It indicates that, even in the worst-case scenario, the
maximum value polarity of the high-frequency transient power
remains negative. It should be noted that, the magnitude of the
transient power does not affect its polarity characteristics. Thus,
Fig. 2 presents the transient power curves with unit amplitude,
that is, the amplitude is set to 1, considering only the exponential
decay term and the cosine function term.

B. High-Frequency Power Characteristics Under Backward
Faults

For protection at P on Line2, the fault F is a backward fault.
Similarly, the transient voltage and current at protection P caused
by fault TW can be deduced as (13) and (14), where UPf’(i)

represents the forward TW generated by the reflection of UPf
(i) at

terminal Q, which is then reflected again at terminal P. Similarly,
iPf’(i) is defined in the same manner. Aff denotes the ratio of the
same-time UPf

’(i) to UPf
(i)

ΔUP = U
(1)
Pf + U

(2)
Pf + U

(3)
Pf + . . .︸ ︷︷ ︸

Refracted wave from Line1 to Line2

+ U
(1)
Pb + U

(2)
Pb + U

(3)
Pb + . . .︸ ︷︷ ︸

Backward traveling wave
reflected from Line2 to port P

+ U
′(1)
Pf + U ′(2)Pf + U ′(3)

Pf + . . .︸ ︷︷ ︸
Reflected wave at port P on Line2

= U
(1)
Pf + U

(2)
Pf + U

(3)
Pf + . . .︸ ︷︷ ︸

Refracted wave from Line1 to Line2

+Aff ·
Refracted wave from Line1 to Line2︷ ︸︸ ︷
(U

(1)
Pf + U

(2)
Pf + U

(3)
Pf + . . .)︸ ︷︷ ︸

Backward traveling wave
reflected from Line2 to port P

+ βPAff ·
Refracted wave from Line1 to Line2︷ ︸︸ ︷
(U

(1)
Pf + U

(2)
Pf + U

(3)
Pf + . . .)︸ ︷︷ ︸

Reflected wave at port P on Line2

= [1 + (1 + βP)Aff] · (U (1)
Pf + U

(2)
Pf + U

(3)
Pf + . . .),

(13)

ΔIP = I
(1)
Pf + I

(2)
Pf + I

(3)
Pf + . . .︸ ︷︷ ︸

Refracted wave from Line1 to Line2

+ I
(1)
Pb + I

(2)
Pb + I

(3)
Pb + . . .︸ ︷︷ ︸

Backward traveling wave
reflected from Line2 to port P

+ I
′(1)
Pf + I

′(2)
Pf + I

′(3)
Pf + . . .︸ ︷︷ ︸

Reflected wave at port P on Line2

= 1/ZC · (U (1)
Pf + U

(2)
Pf + U

(3)
Pf + . . .)︸ ︷︷ ︸

Refracted wave from Line1 to Line2

+−1/ZC ·Aff ·
Refracted wave from Line1 to Line2︷ ︸︸ ︷
(U

(1)
Pf + U

(2)
Pf + U

(3)
Pf + . . .)︸ ︷︷ ︸

Backward traveling wave
reflected from Line2 to port P

+ 1/ZC · βPAff ·
Refracted wave from Line1 to Line2︷ ︸︸ ︷
(U

(1)
Pf + U

(2)
Pf + U

(3)
Pf + . . .)︸ ︷︷ ︸

Reflected wave at port P on Line2

= (1−A+ βPA)/ZC · (U (1)
Pf + U

(2)
Pf + U

(3)
Pf + . . .)

=
1−A+ βPA

ZC (1 +A+ βPA)
ΔUP, (14)

Before the TW reflected from opposite terminal Q returns
to port P, namely, during the interval [t0, t0+2l2/v), Aff can be
considered to be zero. Consequently, (14) can be simplified to

ΔIP = ΔUP/ZC. (15)

In the high-frequency range, the line wave impedance ZC

approaches a real number and exhibits resistive characteristics
[20]. Therefore, according to (15), the transient current is in
phase with the transient voltage in the high-frequency range.

Let the high-frequency component of the transient voltage
at protection P be represented as uP-hf = Uhf0e−σtsin(ωt+ϕ0).
The corresponding high-frequency transient current at the same
frequency can be expressed as follows:

iP−hf = (Uhf0/ZC−hf) e
−σt sin(ωt+ ϕ0), (16)

where ZC-hf represents the line wave impedance in the high-
frequency range. It should be pointed out that, because (15)
does not include the reflection and refraction coefficients at
the ports, the relationship between the voltage and current in
the case of backward faults is independent of the presence of
boundary elements. Thus, (15) is also applicable for analyzing
the backward fault conditions at protections M and Q.
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Furthermore, the high-frequency transient power caused by
the TW can be expressed as follows:

pP−hf = uP−hf iP−hf =
0.5U2

hf0

ZC−hf
e−2σt[1− cos(2ωt+ 2ϕ0)].

(17)
Obviously, in the case of a backward fault, the high-frequency

transient power is always greater than or equal to zero, meaning
with a positive maximum value, as shown in Fig. 2(d).

III. DIRECTIONAL PILOT PROTECTION BASED ON

HIGH-FREQUENCY TRANSIENT POWER

According to the above analysis, regardless of the boundary
conditions, the polarity of the maximum value of high-frequency
transient power after forward faults in a dc system is always
negative, whereas it is positive after backward faults. By utilizing
these characteristics, a settling-less directional pilot protection
that does not dependent on line boundaries or system parameters
can be designed.

A. Designed Fault Direction Criterion

There are various mathematical methods for extracting high-
frequency components, and this paper employs the commonly
used wavelet transform. In practical engineering, the Mallat
algorithm is a widely utilized discrete wavelet transform algo-
rithm, with its computation formula given by{

aj (k) =
∑

n aj−1 (n)h0 (n− 2k)

dj (k) =
∑

n aj−1 (n)h1 (n− 2k)
(18)

where h0 and h1 represent the low-pass and high-pass filter array,
respectively, aj(k) is defined as the approximate coefficient that
reflects the low-frequency information of the signal, and dj(k) is
defined as the detail coefficient that reflects the high-frequency
information, respectively. When the sampling frequency is fs,
the sampled voltage signal u(k) is the initial wavelet transform
signal a0(k). aj(k) represents the approximate coefficient after
the jth wavelet transform, which reflects the transient voltage
information in the frequency range of 0 ∼ fs/2j+1. While dj(k)
represents the detail coefficient after the jth wavelet transform,
reflecting the transient voltage information in the frequency
range of fs/2j+1∼fs/2j. The same principle applies when per-
forming wavelet transform on sampled current signals.

After performing a jth wavelet transform on the sampled
voltage u(k) and current i(k), their high-frequency components
can be denoted as udj(k) and idj(k), respectively. And the high-
frequency transient power phf can be calculated as follows:

phf(k) = udj(k)idj(k). (19)

To mitigate the effects of noise and other interference sig-
nals, this study selects the 2nd level detail coefficients as the
high-frequency components used in the protection criterion,
considering the frequency division characteristic of the discrete
wavelet transform. At present, most dc protection devices are
configured at sampling rates of 10 or 20 kHz [23]. Therefore,
the frequency range corresponding to 2nd level detail coeffi-
cients is [1.25, 2.5 kHz] or [2.5, 5 kHz]. Accordingly, the length
of the data window for extracting high-frequency components

can be set as 2 ms (including 1 ms before the protection start
moment and 1 ms after). Furthermore, since the 1-mode param-
eters of the line are minimally affected by frequency variations
[14], this study uses the 1-mode voltage u1(k) and current i1(k)
to calculate the high-frequency transient power.

As analyzed, the polarity of maximum value of high-
frequency transient power can be used to identify the fault
direction. Therefore, using the maximum value (with sign) of the
extracted high-frequency transient power phf(kmax), a direction
criterion can be designed as follows:

Kdr =
phf(kmax)

|phf(kmax)| =
{−1 ⇒ Forward fault

1 ⇒ Backward fault
(20)

where Kdr represents the polarity of the high-frequency transient
power.

Note that this criterion can correctly identify the fault direction
during the interval [t0, t0 + 2l2/v) after a fault. After t0+2l2/v,
although the reflected travelling waves from adjacent lines may
cause a change in the polarity of the high-frequency transient
power, the rapid decay of the high-frequency signals over time
ensures that the maximum value of the high-frequency transient
power occurs during the initial transient period. Therefore, the
subsequent wave reflection and refraction processes do not affect
the validity of this criterion.

B. Selection of the Frequency Range

According to the previous analysis, the higher the frequency
range selected in (19), the more evident the polarity character-
istic of the transient power, resulting in a better performance
of criterion (20). However, a higher frequency range requires
a higher sampling rate. Increased sampling rates are more sus-
ceptible to high-frequency noise, which can significantly affect
the performance of dc protections. So it is essential to select an
appropriate frequency range used in the protection.

For backward faults, since the 1-mode wave impedance of the
line exhibits resistive characteristic at frequencies above about
100 Hz [20], this section primarily analyses the phase-frequency
characteristics of the transient impedance during forward faults.
Given that the equivalent impedances of the LCC and MMC
stations are predominantly inductive at higher frequencies, their
equivalent resistances can be considered negligible. Thus, in
the high-frequency range, ZS1, ZS2, and ZS3 can be represented
by jωLS1, jωLS2, and jωLS3, respectively [24], [25]. According
to (10), we obtain ZQ = jω(LS3 + Ldc_S3). Therefore, ZQ

in Fig. 2(a) exhibits almost purely inductive characteristics.
From (8) and (9), we derive ZM = Zfilter || [jω(LS1 + Ldc_S1)]
and ZN = ZC || [jω(LS2 + Ldc_S2)]. Keeping Zfilter and ZC

unchanged, let the value of the parallel inductive component
(LS + Ldc) vary in increments of 80 mH within the range of
80–400 mH. This range encompasses most parameters that can
be selected for converter stations and dc inductors in practical dc
engineering [23]. The phase-frequency characteristics of ZM and
ZN can be obtained as shown in Fig. 3(a) and (b), respectively.
The red curves in Fig. 3(a) and (b) represent the phase-frequency
characteristics of the dc filter and the 1-mode wave impedance,
respectively.
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Fig. 3. Phase-frequency characteristic curves of ZM and ZN with different values of (LS+Ldc). (a) Phase angle of ZM. (b) Phase angle of ZN.

As shown in Fig. 3(a), for cases where the filter serves as the
boundary, changes in the parallel reactance only affect the phase-
frequency characteristics of ZM in the low-frequency range. In
high-frequency range (e.g., > 400 Hz), the phase-frequency
characteristics of ZM are almost unaffected and closely align
with those of the filter impedance Zfilter. This is because, as the
frequency increases, the magnitude of Zfilter becomes signifi-
cantly smaller than that of the parallel reactance, resulting in
the measured impedance being approximately equal to Zfilter.
Therefore, in this case, the selection of the frequency range
should primarily consider the frequency at which the filter
exhibits purely inductive characteristics, and it is 1200 Hz for
the double-tuned filter and 1800 Hz for the triple-tuned filter.

As shown in Fig. 3(b), changes in the parallel reactance have
a minimal effect on the phase-frequency characteristics of ZN

in high-frequency range. According to (9), as the frequency in-
creases, the parallel reactance increases, whereas the magnitude
of ZC remains relatively constant, causing ZN to approach the
line wave impedance ZC. When the frequency exceeds 1000 Hz,
the phase of ZN remains below 30°, resulting in cosα > �3/2.
Under this condition, the negative polarity characteristic of the
maximum value in the boundary-less case described in (12) be-
comes sufficiently pronounced. In other words, in this scenario,
a frequency range greater than 1 kHz is adequate. In summary,
as mentioned in Section III-A, extracting frequencies above 1.25
kHz is reasonable for the scenarios discussed in this study. While
for systems equipped with a triple-tuned filter, the frequency
range should be greater than 1800 Hz.

It should be noted that the direction criterion (20) is proposed
based on the frequency domain characteristics of the system
parameters such as ZX and ZC, but the method proposed in this
study does not rely on these system parameters and is not affected
by the time-varying characteristics of the system parameters.
This is because the calculation of ZX and ZC is well-founded
theoretically [19], [20], [24], [25]. On this basis, it can be seen
from Figs. 2 and 3, as well as paper [20], that the variation
of the system parameters does not affect the characteristic that
the ZX and ZC phases remain essentially unchanged in the high-
frequency range. Equation (19) takes full advantage of this stable
feature by extracting high-frequency power. Furthermore, the
computation of (19) only requires voltage and current sampling

Fig. 4. Flowchart of the proposed directional pilot protection.

data without the need to calculate ZX and ZC. Therefore, the
proposed method does not rely on system parameters, ensuring
higher reliability engineering practicality.

C. Algorithm of the Proposed Directional Pilot Protection

Based on the proposed direction criterion, this section
presents the design of a directional pilot protection scheme, as
illustrated in Fig. 4. This scheme includes a start criterion based
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on the voltage derivative, a directional criterion based on the
high-frequency transient power, and a final pilot action criterion.
The specific steps are as follows.

Step 1: Read and record the sampling data, including the
sampled values of the positive and negative pole voltages and
currents up(k), un(k), ip(k), and in(k). Calculate the 1-mode
components of the voltage and current, u1(k) and i1(k).

Step 2: Based on the sampled values of the positive and neg-
ative pole voltages up(k) and un(k), the protection start criterion
is implemented using the change of voltage

|du/dt| = |u (k)− u (k − 1)| · fs > rstart (21)

where rstart represents the threshold value of the starting crite-
rion. When the voltage derivative of any pole exceeds the start
threshold for three consecutive times, the protection is started.
The number of sampling data corresponding to the starting time
is recorded (using the first time when the threshold is exceeded).

Step 3: After the protection being started, the direction crite-
rion based on the high-frequency transient power polarity is used
to identify the fault direction [described as (20)]. If the criterion
indicates a forward fault, set the local fault direction indication
signal Dloc to 1.

Step 4: The local direction indication result Dloc is sent to the
remote end and the remote direction signal Drmt is received. As
shown in (22), according to the direction indication results from
both ends, determine whether protection should operate{

Dloc&Drmt = 1 ⇒ internal fault

Dloc&Drmt = 0 ⇒ external fault.
(22)

It should be noted that the method proposed in this study is a
directional pilot protection, which only transmits logical signals
and does not require data synchronization. Consequently, the
communication costs and complexity are relatively low. Ad-
ditionally, the communication delay only affects the operation
speed of the protection and will not compromise the accuracy
of the protection. However, it is crucial to acknowledge that,
any communication failure will render the pilot protection in-
effective. From the perspective of protection scheme design in
practical engineering, to ensure reliability, it is often necessary
to configure primary and backup protection schemes. In vari-
ous scenarios, combinations and configurations of single-ended
protection, directional pilot protection, and current differential
protection can be effectively utilized. When communication
failures prevent reliable operation of the pilot protection, alter-
native methods such as single-ended protection or handshaking
techniques [26] can be employed for fault isolation.

D. Complexity Evaluation of the Proposed Algorithm

The algorithm proposed in this article utilizes wavelet trans-
form (18) to calculate the 2nd level detail coefficients, enabling
the extraction of high-frequency transient power corresponding
to specific frequency bands. Compared to protections based on
time-domain information, this approach increases the computa-
tional load of the algorithm, making it essential to evaluate the
impact of introducing wavelet transform on the operation speed
of protection.

Fig. 5. Computation process of wavelet transform.

As shown in (18), the implementation of wavelet transform
in the protection device essentially involves the sliding inner
product of the wavelet filter array with the sampled signal.
The downsampling process required by the wavelet transform is
equivalent to sliding two data points at each step. Fig. 5 illustrates
the computation process of the wavelet transform (using the
“db3” wavelet for instance). In Fig. 5, N represents the length
of the protection data window, and M denotes the length of the
wavelet filter array. As showing, each wavelet transform (inner
product) consists of M multiplications and M – 1 additions. After
completing each inner product, the filter array slides forward by
two data points, and the corresponding sampled data is again
subjected to an inner product. This process continues as the
filter array slides from start to finish, completing one level of
wavelet decomposition for the entire analyzed data window,
which includes a total of M·�(N – M) / 2 + 1� multiplications
and (M – 1)·�(N – M) / 2 + 1� additions, where �·� represents
rounding down. In the 2nd level of decomposition, the data to
be decomposed consists of �(N – M) / 2 + 1� points obtained
from the first decomposition. Consequently, the total number of
computations required for the first two wavelet transforms can
be calculated as follows:⎧⎨

⎩
′ ×′ : M

⌊
3�(N−M)/ 2+1�−M

2 + 1
⌋

′ +′ : (M − 1)
⌊
3�(N−M)/ 2+1�−M

2 + 1
⌋
.

(23)

Taking the protection algorithm with a signal sampling rate
of 10 kHz as an example, the data window is selected to be from
1 ms before to 1 ms after the protection start time, resulting in
a protection data window length of N = 20. The length of the
“db3” wavelet filter array is M = 6. Thus, according to (23), the
wavelet transform in the protection algorithm comprises a total
of 60 multiplications and 50 additions.

In fact, for the proposed method, the authors have developed
a corresponding dc directional pilot protection device, and the
relevant experimental results will be presented in Section V.
This protection device is developed based on the dc protection
hardware platform of a manufacturer in China, employing the
P1010 processor with a clock frequency of 800 MHz, resulting in
a clock period of 1 / (800 MHz)= 1.25 ns. When considering the
computation process independently, a single addition operation,
which includes assignment and summation, takes approximately
3 clock cycles (i.e., 3.75 ns). A single multiplication operation,
which involves assignment, shifting, and multiple summations,
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Fig. 6. Operation performance of protection M and N after internal positive pole-to-ground fault (f2). (a) Measured voltage and current at M. (b) 1-mode voltage
and current at M. (c) High-frequency voltage and current at M. (d) High-frequency power at M. (e) Measured voltage and current at N. (f) 1-mode voltage and
current at N. (g) High-frequency voltage and current at N. (h) High-frequency power at N.

takes about 10 clock cycles (i.e., 12.5 ns). Therefore, perform-
ing 60 multiplications and 50 additions requires approximately
0.94 μs in total. Compared to the 1 ms data window after protec-
tion start, the relay operating time of 500μs, and communication
delay ranging from several milliseconds to tens of milliseconds,
the computation time required for the wavelet transform is
sufficiently small and can be considered negligible in relation to
the overall operation time of the protection device.

Additionally, with the support of hardware multipliers and
compiler optimizations, a single instruction that includes both
addition and multiplication can be optimized, further reducing
the required clock cycles. Thus, it can be concluded that the ad-
ditional computational load and delay introduced by the wavelet
transform in the dc protection device are entirely acceptable.

IV. SIMULATION CASE STUDY

To validate the performance of the proposed protection, this
section establishes a±800 kV three-terminal hybrid dc transmis-
sion system simulation model based on the PSCAD/EMTDC,
as shown in Fig. 1. Terminal S1 is an LCC station equipped
with a 150 mH smoothing reactor and a double-tuned filter.
Terminals S2 and S3 are MMC stations, each equipped with
a 75 mH current-limiting reactor. The detailed parameters of the
converter stations are listed in Table I. Both Line1 and Line2
are modelled as frequency-dependent dc overhead lines, with
detailed parameters listed in Table II.

A. Feasibility of the Proposed Protection

To validate the feasibility of the proposed protection, we set
a metallic positive-pole-to-ground fault at position f2 on Line1.

The signal sampling rate is 10 kHz, and the second level “db3”
wavelet transform is applied to the 1-mode measured voltage and

current signals to extract the high-frequency components in the
range of 1.25–2.5 kHz.

1) Internal Fault: For protections M and N, the fault at f2 is
internal. The corresponding results are shown in Fig. 6 (the start
time of the protection is set as 0 ms). After the protections M
and N are immediately started after the fault, the high-frequency
components of the 1-mode voltage and current are extracted
using the wavelet transform, and the corresponding high- fre-
quency transient power is calculated. Notably, the proposed
protection criterion requires only 1 ms of data before and 1 ms of
data after being started, to identify the fault direction. However,
to observe the complete characteristics of the high-frequency
components of voltage and current, as well as the high-frequency
transient power during the fault process, the results for 5 ms
before and 15 ms after the fault are displayed in the figure.

From Fig. 6, at protection M, the maximum values of the
high-frequency voltage component uM_d2 and high-frequency
current component iM_d2 have opposite polarities. This is be-
cause affected by the dc filter boundary, the phase angle of the
high-frequency transient impedance ZM approaches 90° during
a forward fault. As previously analyzed, the initial phase of the
high-frequency voltage is approximately 90°, whereas that of the
high-frequency current is approximately –180°. Consequently,
the high-frequency transient power reaches its maximum value
with negative polarity one-quarter of a cycle after the fault. As
shown in Fig. 6(d), KMdr = −595.86/595.86 = −1, indicat-
ing that M identifies the fault as a forward fault (DM = 1).
At protection N, there is no boundary element behind it, and
the phase angle of the high-frequency transient impedance ZN

approaches 0°. According to (11), a high-frequency transient
current leads to a transient voltage of approximately 180°.
In this case, the transient power reaches its maximum value
with negative polarity half a cycle after the fault. As shown in
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Fig. 7. Simulation results of P and Q after an external positive pole-to-ground
fault (f2). (a) Measured voltage and current at P. (b) High-frequency power at P.
(c) Measured voltage and current at Q. (d) High-frequency power at Q.

Fig. 6(h), KNdr = –1207.16 / 1207.16= –1, which also indicates
a forward fault (DN=1). Finally, because DM & DN=1 & 1=1,
protections M and N identify the fault as internal.

2) External Fault: For protections P and Q, the fault at f2
is an external fault. The corresponding simulation results are
presented in Fig. 7. It can be observed that, for protection P,
the maximum value polarities of the high-frequency transient
voltage uP_d2 and current iP_d2 within the observation win-
dow are the same. This is because during a backward fault,
regardless of the presence of boundaries, the high-frequency
transient impedance behaves similar to the wave impedance
of the overhead line, exhibiting resistive characteristic. Con-
sequently, phases of uP_d2 and iP_d2 are essentially aligned.
And the maximum value of the high-frequency power within
the observed data window displays a positive polarity. By cal-
culating KPdr = 1026.37/1026.37 = 1, protection P identifies
the fault as backward (DP = 0). For protection Q, which has a
current-limiting reactor as a boundary, the fault at f2 is forward,
and the maximum value of the high-frequency transient power
within the data window has a negative polarity. By calculating
KQdr = –1207.16/1207.16= –1, it identifies the fault as forward
(DQ = 1). Finally, DP & DQ = 0 & 1 = 0, the protections P and
Q identify the fault as an external one.

B. Performance Under Different Kinds of Faults

The aforementioned cases of internal and external faults vali-
date the effectiveness of the proposed protection under different
boundary conditions. To further evaluate the operation perfor-
mance of the proposed method, faults with various locations and
different transition resistances are introduced into the system,

Fig. 8. Hardware-in-loop test system.

and 20 dB Gaussian white noise is applied to the sampled
signals. The simulation results are listed in Table III. According
to the test results, the proposed method demonstrates fast and
reliable operation under various fault conditions. The correct-
ness of the operation results is maintained even in the presence
of high-resistance faults and considerable noise interference.
This demonstrates the sensitivity and reliability of the proposed
protection.

V. HARDWARE-IN-LOOP EXPERIMENT TEST

According to the proposed method, the directional pilot pro-
tection prototype device is developed on the DCP3 protection
platform of Tianjin Keyvia Electric Co., Ltd, with the sampling
rate of 10 kHz. In addition, a HIL experiment testing platform
is constructed based on the real-time digital simulator (RTDS)
platform, as shown in Fig. 8. Because the authors are authorized
for only two cores in the RTDS, the computational ability is
limited. Therefore, a three-terminal dc system is established,
with terminal S3 simplified to a 1000 MW dc load to reduce the
computational burden. The geometric parameters of the lines
are consistent with those in Table II, whereas the parameters for
the half-bridge MMC converter stations S1 and S2 are provided
in Table IV.

As shown in Fig. 8, two boundary conditions for the dc line
are considered, i.e., there are no boundary elements at either end
of the line (Ldc = 0), and there are Ldc = 150 mH dc inductors at
both ends. The faults are set at different locations (f1–f5) and the
operation performance of the protection prototype is observed.
Each fault scenario is repeated in five independent tests, resulting
in 300 sets of experimental test results, as listed in Table V. In
Table V, top_M and top_N are the times from the fault occurrence
to the moment the RTDS platform receives trip signals from the
protections on both sides.

The test results indicate that, for faults f1–f3 occurring on
Line1, regardless of the presence of boundary elements, the
maximum values of the high-frequency transient power mea-
sured by protections at both ends consistently exhibit negative
polarity, allowing them to classify the fault as an internal fault.
In most cases, the protection can operate within 4 ms (including
the time required for the trip relay output, but ignoring the
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TABLE III
SIMULATION RESULTS UNDER DIFFERENT FAULT CONDITIONS

TABLE IV
PARAMETERS OF MMC STATIONS BUILT IN RTDS

communication time delay). To further illustrate the sensitivity
of the protection, Fig. 9 presents the measured voltage, current,
high-frequency transient power, and trip signal after an internal
high-resistance positive pole-to-ground fault (500 Ω, f2). The
results demonstrate that the high-frequency transient power
maximum values calculated by both protections exhibit negative
polarity. This allows for correctly identification of the fault as
an internal fault, enabling a rapid trip response (both 3.2 ms).

Additionally, as shown in Table V, for faults occurring outside
the protection zone (f4 and f5), the protection devices reliably
do not operate. Fig. 10 illustrates the action results during
an external metallic positive pole-to-ground fault (f4) under
boundary-less condition. The results clearly indicate that even
under severe external faults, the protection devices can correctly
distinguish the fault direction and segment, thereby exhibiting
absolute selectivity.

VI. COMPARISON OF THE PROPOSED METHOD WITH OTHER

METHODS

This section compares the existing pilot protection methods
with the proposed method. According to the working principle,

(a) (b)

Fig. 9. Test results for an internal positive pole-to-ground fault at f2 with a
500 Ω transition resistance (no boundary). (a) Signals at M. (b) Signals at N.

typical pilot protections can be classified as current differential
protection, transient power-based directional protection, direc-
tional overcurrent protection, travelling wave directional protec-
tion, boundary-based directional protection and protection based
on other characteristics.

A. Current Differential Protection

The sampled currents at the two ends of the line are in opposite
directions when an external fault occurs, and the differential
current is zero in theory. Differently, after an internal fault,
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TABLE V
OPERATION RESULTS OF PROTECTION PROTOTYPE UNDER DIFFERENT FAULT CONDITIONS

the sampled currents at two ends are in the same direction,
meaning the differential current is large. Current differential
protection is based on this characteristic for fault identification.
A major issue with traditional current differential protection in
HVDC systems is the need to set a long-time delay to avoid

the influence of distributed capacitance current. To address this,
Tzelepis et al. [13] proposed to install multiple sensors along
the line to partially compensate for the distributed capacitance
current. However, this method leads to increased cost and
heightened communication requirement. Gao et al. [14] and
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(a) (b)

Fig. 10. Test results for an external positive pole-to-ground metallic fault at
f4 (no boundary). (a) Signals at M. (b) Signals at N.

Liu et al. [15] introduced the Bergeron distributed parameter
model to accurately compensate for the distributed capacitance
current. However, calculating the differential currents using
the Bergeron model requires accurate acquisition of line wave
impedance. In addition, although these methods improve the
operation speed of current differential protection, they transmit
the analogue current signals, which requires the signals to be
strictly synchronized. In contrast, the method proposed in this
paper only needs to transmit directional digital signals without
data synchronization, which greatly reduces the complexity of
engineering implementation.

B. Transient Power-Based Directional Pilot Protection

Transient power is generally defined as the product of fault
voltage and fault current. The direction of transient power flow
differs after forward and backward faults, which can be uti-
lized to design directional identification criteria. Zou et al. [27]
characterized transient energy in terms of the integral of the
transient power change, and constructed a directional criterion
according to the polarity of transient energy. However, to avoid
the energy fluctuation of the healthy pole caused by coupling
during pole-to-ground faults, it is necessary to additionally set a
threshold of the energy amplitude by simulation. Luo et al. [28]
proposed a pilot protection utilizing the directional characteris-
tics of reactive power. However, due to the frequent exchange of
reactive power between inductive and capacitive components in
the early stage of faults, a delay of several tens of milliseconds
must be set, resulting in a slower operation speed. Dong et al. [29]
developed a fault identification criterion based on the energy
difference of transient power at both ends of the line. The thresh-
old of this method is highly dependent on factors such as line
length, transition resistance, and power losses of lines, making it
challenging to be calculated. Additionally, the aforementioned
methods primarily focus on analysis and simulation within the
context of LCC-HVDC systems, leaving their adaptability in
other scenarios to be explored further. In contrast, the method
proposed in this paper does not require threshold value selection,

Fig. 11. Comparison of overcurrent directional protection and proposed
method. (a) Current variation at N after positive pole-to-ground faults at f2.
(b) Current change rate at N after a positive pole-to-ground metallic fault at f2.
(c) High-frequency transient power at N after a positive pole-to-ground fault at
f2 with a 500 Ω transition resistance. (d) Current variation at M after a positive
pole-to-ground metallic fault at f1. (e) Current change rate at M after a positive
pole-to-ground metallic fault at f1. (f) High-frequency transient power at M after
a positive pole-to-ground metallic fault at f1.

and both theoretical and experimental results demonstrate its
applicability across various HVDC transmission scenarios.

C. Directional Overcurrent Protection

This section conducts a comparative simulation of the per-
formance of directional overcurrent protection and proposed
directional protection. When a positive pole-to-ground metallic
fault occurs at f2 in Fig. 1,ΔiN and diN/dt measured at protection
N are displayed in Fig. 11(a) and (b). The simulation results
indicated that, due to the influence of inter-pole line coupling
[30], fault current also appears at the negative pole line (healthy
pole). To avoid the effects of induced current, the Δi criterion
must be set with a certain threshold value. From Fig. 11(a), it is
evident that the threshold for the Δi directional criterion should
be at least greater than 1.34 kA. However, when the transition
resistance is relatively high, the value of Δi becomes small,
approaching or even falling below the threshold, significantly
reducing the operation sensitivity and speed of the Δi-based
directional overcurrent criterion [31]. In Fig. 11(a), the blue
dashed line represents the current change measured at protec-
tion N during a positive pole-to-ground fault with a transition
resistance of 500 Ω. Within 3 ms after the fault, ΔiNp remains
below 1.34 kA, causing the directional overcurrent criterion to
delay its operation or even refuse to operate. Furthermore, as
shown in Fig. 11(b) the rate of change of induced current at
the negative pole is comparable to that of fault current at the
positive pole. When determining the fault direction according
to di/dt, the healthy-pole directional criterion may operate by
mistake.

The method proposed in this article utilizes decoupled line-
mode voltage and current for calculation, thereby fundamen-
tally avoiding the influence of line coupling. Additionally, the
proposed algorithm identifies the fault direction by extracting
the polarity of the maximum value of high-frequency transient
power, eliminating the requirement for threshold setting. As
shown in Fig. 11(c), even under high-resistance faults, the max-
imum polarity characteristics of the high-frequency transient
power pN_hf at N remain very pronounced (negative), allowing
protection N to quickly identify the forward fault with high
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Fig. 12. Frequency characteristics of line wave impedance ZC. (a) Magnitude
of ZC under different frequencies. (b) Phase of ZC under different frequencies.

sensitivity. In fact, many scholars have researched and improved
traditional directional overcurrent criteria. For example, papers
[30], [32], and [33] enhanced the disturbance immunity of
directional overcurrent protection by methods such as current
integration. However, they still face the drawback of relying on
extensive simulations to determine threshold values.

Moreover, in the system shown in Fig. 1, when a fault occurs
near the LCC outlet (f1), the dc filter will form a resonant
circuit with the fault point, resulting in resonant currents flowing
through the protection. As shown in Fig. 11(d) and (e), when a
positive pole-to-ground metallic fault occurs at f1, Δi and di/dt
measured by protection M exhibit alternating oscillations, with
oscillation frequencies approaching the tuning frequencies (600
and 1200 Hz) of the dc filter, and the positive and negative peak
values being relatively close. In this scenario, the directional
overcurrent protection will struggle to quickly and reliably
identify the fault direction. However, the proposed method,
as discussed in Section III-B, avoids the influence of tuning
frequencies by selecting appropriate frequency band ranges.
Therefore, it can still reliably identify the fault direction under
this condition [see Fig. 11(f)].

D. Travelling Wave Directional Protection

After a backward fault, only forward TWs are present at
the protection in the initial stage. Conversely, after a forward
fault, both forward and backward TWs coexist. This observation
allows for the design of direction criteria. Kong et al. [16]
characterized the energy of TWs by the sum of the squares of
the voltage TW (u ± ZC·i) and constructed directional criteria
based on the differences in TW energy between forward and
backward faults. However, the TW directional protection is
highly dependent on system parameters, specifically the line
wave impedance. Despite the existence of established methods
for calculating wave impedance, in protection devices, wave
impedance needs to be set to a constant value. Given that
line parameters exhibit frequency-dependent characteristics, the
magnitude and phase of wave impedance continually changes
with different frequencies, as illustrated in Fig. 12 (taking the
line with physical parameters in Table II for instance). If the
value of ZC selected in the protection algorithm is not opti-
mal, significant discrepancies between the calculated TW and
actual TW may arise, leading to reduced operation reliability
of the protection [18]. To address this issue, Li et al. [18]
extracted high-frequency transient TWs and utilized the constant

amplitude characteristics of ZC in high-frequency range to mit-
igate the impact of parameter frequency-dependent characteris-
tics. Li et al. [34] further concluded that as long as ZC is set
to a value in the high-frequency range, the computed voltage
TW would sufficiently reflect the actual TW. On this basis, a
time-domain TW directional protection criterion was introduced
that does not require the extraction of high-frequency signals,
thus reducing implementation complexity.

Although substantial improvements have been made in TW
directional protection, accurately obtaining the ZC value remains
unavoidable. In scenarios where system parameters are difficult
to obtain, such as in desert wastelands or deep oceans, the
reliability of protection will be significantly diminished. Further-
more, He et al. [35] indicate that the natural frequency of fault
signals in dc lines after a fault is closely related to factors such as
fault distance and fault type. In other words, the frequency ranges
where energy of electrical quantities is concentrated during
faults vary under different conditions, leading to different wave
impedances that should be used for calculating TWs for various
faults. The TW calculated using a fixed wave impedance may
deviate significantly from the actual TW. Additionally, the line
wave impedance will also gradually change due to factors such
as geographical environment, operational conditions, and aging.
Therefore, even if the wave impedance is set to an appropriate
value, the reliability and sensitivity of TW directional protection
will diminish over time as the actual wave impedance changes
with environmental conditions. In contrast, the method proposed
in this paper only requires the acquisition of sampled voltage and
current, making it independent of system parameters and thus
applicable across a broader range of scenarios. In addition, the
proposed algorithm only uses the polarity of the maximum value
of transient power to identify the fault direction, eliminating
the need for setting threshold values. This further alleviates the
workload for field engineering personnel.

E. Boundary-Based Directional Pilot Protection

In HVDC transmission projects, the dc side of LCC is typi-
cally equipped with dc filters and smoothing reactors, while dc
side of VSC is usually equipped with current-limiting reactors.
These components serve as natural boundaries for distinguishing
forward and backward faults, leading to the development of
various boundary-based directional protection schemes. Refer-
ence [36] proposed a blocking-type directional pilot criterion
based on the ratio of high-frequency voltage amplitudes on both
sides of the line filter and smoothing reactors. Li et al. [37] and
Haleem and Rajapakse [38] proposed directional criteria using
the polarity and rate of change of voltage across current-limiting
reactors. Moreover, Yu et al. [39] introduced the mathematical
concept of the matrix spectral radius to design a directional cri-
terion with strong anti-interference capability. The advantage of
the aforementioned boundary-based directional pilot protection
is their independence from system parameters. However, they
are not applicable in scenarios where boundary elements are
missing. In contrast, the method proposed in this paper does not
rely on system parameters or line boundaries, thereby offering
enhanced applicability.
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TABLE VI
COMPARISON OF DIFFERENT PILOT PROTECTION METHODS

F. Pilot Protection Based on Other Characteristics

Waveform correlation, measurement impedance character-
istics, and model features can also be utilized to construct
directional criteria. Farshad [40] distinguished fault direction
by assessing the cosine similarity between measured and ref-
erence signals. However, the reference signal must be obtained
through simulation. He et al. [23] employed the ratio of high-
frequency to low-frequency impedance magnitudes as the basis
for directional discrimination, which does not rely on boundary
and system parameters, yet necessitates the establishment of
thresholds based on upper and lower limits of the impedance
ratio. Zhang et al. [41] utilized the concept of pattern recognition,
employing the Pearson correlation coefficient between voltage
and current, as well as between voltage and the derivative of
current, to identify forward and backward faults, without depen-
dence on system parameters and without the need for setting.
However, this method is solely applicable to MMC-HVDC
systems with boundary elements; in the absence of boundaries,
the model relationships analyzed will be disrupted, rendering the
protection ineffective. In contrast, the method proposed in this
paper possesses the distinct advantages of being independent
of line boundaries, independent of system parameters, and free
from setting requirements, making it suitable for a variety of
HVDC transmission systems.

The protection proposed in this article, as well as aforemen-
tioned existing methods, are evaluated from six aspects, i.e.,
adaptation scenarios, communication requirement, boundary
dependence, parameter dependence, threshold setting, and HIL
experimental testing. The comparison results are summarized
in Table VI. In the table, “MT” stands for multiterminal and
“PP” stands for point-to-point. “Simple” refers to the case
where threshold values need to be set solely based on reliability
coefficients, without the need for simulation or calculation. For
example, the threshold value in paper [18] can be set at Kset = 2.

From Table VI, current differential protection requires strict
synchronization, which results in high communication demands
and increases the complexity of engineering implementation.
Some transient power-based directional pilot protection methods
can achieve independence from system parameters and do not
require threshold value setting, but a longer delay is needed.
However, these methods are analyzed and validated only in the
LCC-HVDC scenario with filter boundaries. Their adaptability
in other scenarios, with different boundaries, or in the absence
of boundaries remains unknown. Additionally, the threshold
values of most methods still rely on simulations. The main
drawback of directional overcurrent protection is that its over-
current threshold must be determined through simulation. TW
directional protections rely on accurate acquisition of the line
wave impedance ZC. Boundary-based protection is not suitable
for scenarios where boundaries are absent. Additionally, most
existing studies remain at the theoretical stage, lacking the
development and testing of practical devices. In contrast, the
method proposed in this paper is applicable to a variety of
HVDC transmission scenarios and boundary conditions, does
not rely on system parameters, is free from threshold setting, and
does not require data synchronization. Moreover, the protection
device is developed and successfully validated through HIL
testing, demonstrating outstanding engineering practicality and
reliability.

Finally, it is important to note that although the method pro-
posed in this article exhibits notable advantages across various
aspects listed in Table VI, it also has certain limitation. In a broad
sense, the algorithm falls within the category of TW protection,
and significant fault TW characteristics only exist in the initial
stage after faults. The high-frequency transient power polarity
characteristics also hold only in the initial TW stage after faults.
If the proposed algorithm does not operate after the protection
has been started, it is advisable to block this protection function,
to exclude the influence of sporadic factors such as short-term
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communication interruption or data transmission error. In such
cases, it should be employed in conjunction with other long-
time-scale protection methods (e.g., current differential protec-
tion). For instance, the traditional current differential protection
may need to be blocked by the impact of line distributed ca-
pacitance within hundred milliseconds at the early stage of the
fault. During this period, the method proposed in this paper can
be utilized for rapid fault identification. After a delay of several
hundred milliseconds, the current differential protection can be
deblocked to identify the fault line (if the proposed protection
does not operate at this stage). These two methods operate in
the early stage and steady stage of the fault respectively, which
can constitute a main and backup protection scheme to further
enhance the reliability of dc line protection.

VII. CONCLUSION

This study analyzed the characteristics of the transient power
after faults in multiterminal HVDC systems under different line
boundary conditions. Then, a novel directional pilot protection
based on high-frequency transient power polarity was proposed.
The conclusions are as follows.

1) The analysis of three typical boundary conditions, i.e.,
filter boundary, current-limiting reactor boundary, and no
boundary, reveals that during forward faults, the polarity
of the high-frequency power maximum measured by the
protection is negative, regardless of the line boundary
conditions. Conversely, after backward faults, the polarity
of the high-frequency power maximum is positive.

2) According to the transient power polarity characteristic,
a novel directional pilot protection is proposed. Com-
pared to existing methods, the proposed method utilizes
high-frequency power polarity features to identify fault
segments without relying on line boundaries or system
parameters, and does not require threshold setting. This
significantly reduces the complexity of the engineering
implementation, onsite operation, and maintenance, mak-
ing it applicable to a wider range of scenarios.

3) A rapid directional pilot protection device for dc lines was
developed based on the proposed principle. Extensive HIL
experimental tests indicate that the developed prototype
device exhibits absolute selectivity and high sensitivity
under various boundary conditions of dc lines, while also
demonstrating a high operating speed. This renders it
suitable for various types of HVDC systems.
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