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Abstract——Multiterminal low-frequency transmission system 
(LFTS) has promising potential for large-scale offshore wind 
power integration. Nevertheless, the existing protection suffers 
from low sensitivity, and even operates incorrectly because the 
converters connected to both ends of cables change fault charac‐
teristics substantially. To address this problem, this paper firstly 
inspects the adaptability of current differential protection, re‐
vealing the manner in which control strategies after fault im‐
pact the sensitivity of the existing protection. Then, based on 
the characteristics of armored three-core cable, phase-mode 
transformation is utilized to decouple the fault information and 
the specific moduli are selected to reflect all kinds of fault 
types. The expression of backward traveling-wave (BTW) volt‐
age based on interpolation is derived under the condition of low 
sampling frequency. Finally, a pilot protection based on BTW 
voltage difference for submarine cables of LFTS with integrat‐
ed offshore wind power is proposed, which has higher sensitivi‐
ty because the difference between BTW calculated from local in‐
formation and the one from remote information is considerable 
during fault transient period. Simulation tests compare the per‐
formance of the existing protection with that of the proposed 
protection. Extensive simulations corroborate that the proposed 
protection reliably identifies the fault cable in various fault sce‐
narios.

Index Terms——Low-frequency transmission system, submarine 
cable, adaptability, wind power, traveling-wave voltage, pilot 
protection, differential protection.

NOMENCLATURE

A. Variables

Δt Sampling interval

τ

γφ 

Aφ

Bk,φ

Fk,φ

Gφ, Cφ

Im, In

IOWi

IM3C

If1

Iop

Id, Ir

Ia

Ik,φ

IN

iφ
kres

ki, pi

l

li, qi

N

n

NS

rerr

rThre

Rf1

Rφ, Lφ

Time that traveling wave takes to travel along 
cable

Propagation constant under modulus φ

Propagation function under modulus φ

Backward traveling-wave (BTW) voltage under 
modulus φ at relay k

Forward traveling-wave (FTW) voltage under 
modulus φ at relay k

Shunt conductance and capacitance under modu‐
lus φ

Currents captured by relays m and n

Current provided by the ith offshore wind power 
plant (OWPP)

Current provided by modular multilevel matrix 
converter (M3C)

Current of short-circuit branch

Start-up current of current differential protection

Differential and restrained currents

Current flowing through conductor a

Current under modulus φ at relay k

Rated current of OWPP

Instantaneous current of phase φ

Restraint coefficient

The ith residue and pole of ZC,φ

Distance between relays m and n

The ith residue and pole of Aφe
sτ

Sampling number during a time window

Current sampling order

Number of samples in a low frequency cycle

Error of Marti model

Threshold of protection criterion

Fault resistance

Series resistance and inductance under modulus 
φ
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Ri, Ci

scd

sMarti

Ti, Tu

tij

Um, Un

Uf1

UM3C

Ua

Uk,φ

Ui

ya,b

w

Zcable1,m

Zcable1,n

Zcablei

ZT,OWi

ZT,M3C

za,b

ZC,φ

B. Superscripts

+, -, 0

C. Subscripts

A, B, C, 
M

SA, SB, 
SC

Resistance and capacitance of the ith resistance-
capacitance parallel block

Sensitivity of current differential protection

Sensitivity of pilot protection based on Marti 
model

Current and voltage decoupling matrices

Element of Ti

Voltages captured by relays m and n

Voltage of fault point

Voltage provided by M3C

Voltage of conductor a

Voltage under modulus φ at relay k

Voltage drop along the ith resistance-capacitance 
parallel block

Admittance between conductors a and b

Angular frequency

Impedance from fault point to relay m

Impedance from fault point to relay n

Impedance of the ith cable

Impedance of main transformer in the ith OWPP

Impedance of isolation transformer in M3C

Impedance between conductors a and b

Characteristic impedance under modulus φ

Positive- , negative- , and zero-sequence compo‐
nents

Conductors A, B, C, and armor of armored three-
core cables (ATCs)

Metallic sheaths A, B, and C of ATCs

I. INTRODUCTION 

OFFSHORE wind power has attracted much attention 
for its advantages of steady wind velocity and lower 

environmental implication [1], which is regarded as a poten‐
tial alternative to fossil energy and has been built on a con‐
siderable scale in Europe and China. Low-frequency trans‐
mission system (LFTS) [2], [3] combines the benefits of di‐
rect current (DC) [4], [5] and alternating current (AC) trans‐
mission systems [6], which enhances transmission capability 
via drastically decreasing the transmission frequency and di‐
minishing capacitive current of cables. At the same time, the 
investment in the offshore converter station is saved. The 
scale of multiterminal LFTS could be expanded conveniently 
compared with multiterminal AC transmission system, and 
the technical bottleneck such as expensive DC breakers in 
DC system is no longer a concern for LFTS [7]. To integrate 
wind energy located over 70 km offshore, multiterminal 
LFTS has a promising application prospect. Modular multi‐
level matrix converter (M3C) is a core equipment of LFTS, 

which connects with a power-frequency grid and aims to pro‐
vide voltage support for offshore wind power plants 
(OWPPs). It is regarded as the extension of modular multi‐
level converter (MMC) and inherits advantages such as flexi‐
ble power factor adjustment, low harmonic levels, and pow‐
er supply capacity for passive grids [8], [9]. Submarine ca‐
bles work in a harsh environment and are susceptible to ex‐
ternal forces such as maritime activities and chemical pollu‐
tion, which leads to the damage of the metallic sheath and 
armor layer, as well as insulation breakdown. Submarine ca‐
ble fault is a menace to the safe operation of LFTS.

During the period of electromagnetic transients, fault anal‐
ysis usually utilizes Thevenin’s theorem to represent the syn‐
chronous generators as a constant voltage source with induc‐
tive impedance [10]. As for converter-based grid, electromag‐
netic transient and electromechanical transient overlap, so 
values of the power supply and impedance of converters 
change and the traditional analysis method is no longer val‐
id. In this respect, adaptability may be a challenge for con‐
ventional protections in LFTS. Present studies of AC trans‐
mission line protection in converter-based system can be cat‐
egorized to two types: non-unit protections and pilot protec‐
tions.

The adaptability of traditional distance protection is evalu‐
ated and flexible controls of power electronic equipment are 
proved to be the dominant factor causing the distance protec‐
tion operating incorrectly in [11]-[13]. A high-frequency volt‐
age is modulated by MMC to structure equations containing 
fault distance for asymmetrical faults [14]. The control for 
symmetrical faults needs to be designed separately. Refer‐
ence [15] modifies the fault current of converters to imitate 
the behavior of synchronous generators to ensure existing 
distance relays operate properly without any change. An 
overcurrent protection based on the negative-sequence cur‐
rents (NSCs) provided by MMC is proposed in [16]. Howev‐
er, these control-based solutions demand redesign of the con‐
trol system of converters, which will not be practical since 
most existing inverters are proprietary design. An adaptive 
distance protection based on the sequence network analysis 
considering different grid codes is proposed in [17], which 
calculates the equivalent impedance of remote system with 
local electrical quantities. However, this method will be in‐
valid in LFTS because both ends of cables are connected 
with converters. Reference [18] proposes a time-domain dis‐
tance protection independent of source characteristics. How‐
ever, when the fault is not a bolted fault, the method needs 
communication.

High-voltage cables are mostly pipe-type cables, and the 
electromagnetic coupling in multi-conductors make the afore‐
mentioned distance protections inapplicable in LFTS. Over‐
current protection may bring about selectivity problem be‐
tween upstream and downstream relays.

Reference [19] indicates fault currents provided by wind 
power plants and MMCs are quite different because different 
control strategies are adopted. It proposes a singularity-based 
protection, which performs well for short transmission lines. 
However, as for long cables, grounding capacitive currents 
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change sharply under external faults. Hence, the singular val‐
ues of currents at both ends of the line are not the same any 
more, which brings difficulties to the protection settings. Ref‐
erence [20] reveals the magnitude differences of transient 
NSC between the faulty and healthy cables, but the informa‐
tion of all lines is required to identify the fault. Reference 
[21] introduces a novel protection based on similarity of cur‐
rents, which performs well for converter-based girds. The ca‐
pacitance value of submarine cables is tens of times larger 
than that of overhead lines, therefore the cosine similarity is 
no longer -1 when an external fault occurs. The method will 
bring about the difficulty for relay settings when applied in 
LFTS. References [22] - [24] propose differential protections 
based on traveling waves while ignoring the frequency-de‐
pendent characteristics of lines. Frequency-dependent charac‐
teristics of submarine cables are more obvious than overhead 
lines, which is worth noting during fault transient period.

A Marti model-based current differential protection is pro‐
posed for overhead lines in [25]. The local relay needs to ob‐
tain both three-phase voltages and currents at the remote end 
and compare the calculated values with measured values, 
which requires a high-bandwidth communication. Reference 
[26] modifies the NSC order of MMC to guarantee that cur‐
rent differential protection operates correctly. However, on 
the one hand, it may not be practical because the design of 
control system is proprietary of manufacturers and beyond 
the reach of utilities. On the other hand, the accompanying 
risk of overvoltage should be considered [16]. Reference 
[27] proposes a unit protection with model-recognition in fre‐
quency domain; however, the internal fault model is no lon‐
ger inductive because the impedance of the converter is 
strongly coupled with the control. Phasor-based protections 
rely on the stable frequency that system supplies. Both ends 
of the cable in LFTS are connected with power electronic de‐
vices, including grid-side converter (GSC) of wind power 
plants and M3C. In other words, the penetration rate of pow‐
er electronic devices reaches 100% at the low-frequency 
side. Therefore, it needs a considerable time for the convert‐
ers to supply the stable frequency after faults because of the 
longer dynamic response of the control system, which reduc‐
es the operating speed of phasor-based protection and even 
leads to incorrect operations.

In addition to the above, existing protections of converter-
based power system mainly focus on three-phase system; 
however, the coupling in multi-conductors of pipe-type ca‐
bles cannot be ignored especially during the faut transient pe‐
riod.

The main objective of this study is to explore the factors 
influencing the reliability or sensitivity of the existing protec‐
tion, then focus on the transient features of the protected ar‐
mored three-core cables (ATCs) and propose an easy-to-im‐
plement protection independent of converter control strate‐
gies. The contributions of this paper are summarized as fol‐
lows.

1) For the widely adopted current differential protection, 
the expressions of differential and restrained currents are de‐
rived using fault composite sequence networks. It is indicat‐
ed that the sensitivity of the existing protection is strongly 

correlated to NSCs provided by GSC and M3C. The lower 
the NSCs are injected, the lower the sensitivity is, which 
will cause mal-operation of relays.

2) A time-domain decoupling method of fault information 
for ATC is introduced. And the specific modulus that can re‐
flect all kinds of fault types is selected to extract fault tran‐
sient characteristics.

3) A pilot protection based on backward traveling-wave 
(BTW) voltage difference is proposed, which is not influ‐
enced by converter control strategies. In order to implement 
the proposed protection even with low sampling frequency, 
the expression of BTW voltage is derived based on accurate 
interpolation.

The remainder of this paper is organized as follows. Sec‐
tion II presents adaptability analysis of existing current dif‐
ferential protections. Section III introduces a time-domain de‐
coupling method of fault information for ATC and analyzes 
the fault characteristics of LFTS during transient period. In 
Section IV, the expression of BTW voltage based on accu‐
rate interpolation is derived. On this basis, a pilot protection 
based on BTW voltage difference for submarine cables in 
LFTS is proposed. Section V provides a comparison be‐
tween existing protections and the proposed one. Finally, the 
conclusions are presented in Section VI.

II. ADAPTABILITY ANALYSIS OF EXISTING CURRENT 
DIFFERENTIAL PROTECTION 

This section gives a concise overview of LFTS and ana‐
lyzes the adaptability of the current differential protection.

A. System Under Study

Figure 1 presents the topology of multiterminal LFTS 
with integrated OWPPs. Low-frequency power generated 
from wind plants is transmitted to the M3C via submarine 
cables. Then, the M3C increases the low frequency (50/3 or 
20 Hz) to the power frequency (50 or 60 Hz). The low-fre‐
quency side of M3C is set as the grid-forming mode to pro‐
vide voltage and frequency support, while GSCs and high-
frequency side of M3C are set as the grid-following mode to 
transmit the maximum power of OWPPs.

To facilitate the cable laying, ATCs are widely used, of 
which the cross-section is displayed in Fig. 1.

The main transformers of OWPPs and the isolation trans‐
formers of M3C widely adopt dYG connection to block the 
path of zero-sequence currents. Generally, the high-voltage 
side adopts YG winding.

Offshore Onshore

n

Metallic sheath
Filler
Conductor
Over sheath

Insulator
Armor

OWPPn
AC/DC/AC

Cable n
OWPP2
AC/DC/AC

Cable 2

�

f2

OWPP1
AC/DC/AC

Cable 1
f1

m

Um Un

InIm

50/3 or 20 Hz 50 or 60 Hz
M3C

Fig. 1.　Topology of multiterminal LFTS with integrated OWPPs.
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B. Adaptability Analysis

Current differential protection is widely adopted as main 
protection for AC lines (³ 110 kV), which isolates internal 
faults reliably and rapidly [28]. This subsection focuses on 
the impact of converter control strategies on the fault current 
characteristics and further on current differential protections.

The capacitive current is greatly reduced thanks to the 
low frequency (only one third of the power frequency), 
while shunt reactors provide effective compensation. There‐
fore, shunt reactors and cable capacitance can be neglected 
in the following analysis. When a single-phase-to-ground 
fault occurs on cable 1, the composite sequence network is 
shown in Fig. 2.

The low-frequency side of M3C provides the voltage and 
frequency support for OWPPs and is thus considered as a 
voltage source. GSCs operate in the grid-following mode 
and are hence considered as current sources.

In Fig. 2, according to Kirchhoff’s circuit laws and rela‐
tionship between phase and sequence quantities, we have:
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where Zm=Z0
TOW1+Z0

cable1m; and Zi=Z0
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TOWi (i = 23n).
The operation criterion of practical current differential pro‐

tections for the fault phase is expressed as:
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Substituting (1) into (2), we have:
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According to (1)-(3), the differential current depends only 
on NSCs of GSCs and M3C, while the restrained current is 
affected by positive-sequence current I +

OW1 as well. There‐
fore, the sensitivity of current differential protection is 
strongly correlated to NSCs provided by converters. The low‐
er the NSCs injected, the lower the sensitivity. In fact, both 
GSCs and M3C suppress their NSCs to ensure the power 
quality [29], [30]. The differential current is theoretically 
controlled at zero, which will cause a mal-operation of cur‐
rent differential protections for internal faults. Similarly, the 
challenge still exists for a phase-to-phase fault because posi‐
tive- and negative-sequence networks are connected in paral‐
lel according to their composite sequence networks.

In summary, unlike the synchronous generator system, 
when an internal fault occurs, the fault currents captured by 
the relays in the LFTS are no longer in phase and even ex‐
hibit fault characteristics similar to those in the isolated neu‐
tral system if NSCs are suppressed. It brings a huge chal‐
lenge for traditional protections based on phasors. Besides, 
the reduction of transmission frequency in LFTS results in 
more time to extract phasors, which further reduces the operat‐
ing speed of the protection. Thus, transient-based protection in‐
dependent of control strategies is promising for LFTS.

III. TIME-DOMAIN DECOUPLING METHOD OF FAULT 
INFORMATION FOR ATC AND FAULT CHARACTERISTIC 

ANALYSIS OF LFTS DURING TRANSIENT PERIOD 

Phasor-based protection confronts the challenge of mal-op‐
eration. This section firstly introduces a time-domain decou‐
pling method of fault information for ATC, and then analyzes 
the fault characteristics of LFTS during the transient period.

A. Time-domain Decoupling Method of Fault Information 
for ATC

In the sectional view of the ATC shown in Fig. 1, there 
are seven metallic layers, including three conductors, three 
metallic sheaths, and one armor. The phase electrical quanti‐
ty cannot be analyzed separately due to the electromagnetic 
coupling in multi-conductors, which causes inconvenience 
for transient analysis. The impedance matrix Z and admit‐
tance matrix Y of ATC are represented as [31]:

Z =
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Fig. 2.　Composite sequence network under a single-phase-to-ground fault.
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At the same time, the elements Zij and Yij (1 £ i, j £ 7) satis‐
fy:
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According to the transmission line model, phase voltages 
and currents of ATC satisfy:
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Furthermore, (6) can be transformed into a second-order 
partial differential equation:
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Off-diagonal elements of ZY and YZ are not equal to 0, 
which causes the electromagnetic coupling. Diagonalize 
them to obtain the decoupled moduli, as shown in (8).
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where subscripts α, β, γ, δ, ε, ζ, and η denote the elements 
of moduli.

Since the elements of Z and Y are complex numbers, the 
diagonalizing transformation matrix of YZ is also a complex 
matrix, which complicates the calculation. It is necessary to 

normalize and transform Ti into real numbers for practical 
applications. First, solve the complex diagonalizing transfor‐
mation matrix Ti, and then convert it to the real decoupling 
matrix Ti,r. The relationship between them is shown in (9). 
The function real(·) is used to extract the real part of a com‐
plex number.

T ir = ( real ( tij

max
kÎ{12...7}

tkj ) )     1 £ ij £ 7 (9)

Accordingly, the real decoupling matrix Tu,r can be calcu‐
lated as:

Tur = (T -1
ir )T (10)

Since the metallic sheaths and the armor are grounded to‐
gether through low resistors at both ends, only the sum of 
the currents flowing through the metallic sheaths and the ar‐
mor is practically measurable. Therefore, although there are 
theoretically seven current moduli according to (8), only spe‐
cific mode currents are available. Taking HYJQF41-F-127/
220kV ATC for instance, according to its current decoupling 
matrix, only Iα, Iδ, Iε, and Iη are available. Furthermore, 
when a symmetric fault occurs, Iα is theoretically equal to ze‐
ro. Therefore, although Iα is available, the value is too small. 
Status of each current modulus under different fault types is 
shown in Table I. In order to identify all kinds of fault 
types, only modulus δ, ε, and η are competent.

In Table I, √ denotes the modulus is available; × denotes 
the modulus is not available; ○ denotes the modulus is 
available, which is theoretically equal to zero; and fault type 
A-SA-M-G denotes short circuit fault among conductor A, 
metallic sheath A, armor M, and ground G. The other fault 
types follow the same rule.

B. Fault Characteristic Analysis of LFTS During Transient 
Period

The general solution of the wave equations (8) shows that 
the modulus voltage at any point is the superposition of two 
attenuating waves: forward traveling-wave (FTW) and BTW. 

TABLE I
STATUS OF EACH CURRENT MODULUS UNDER DIFFERENT FAULT TYPES

Fault type

No fault

A-SA

A-SA-M

A-SA-M-G

A-SA-SB

A-SA-B-SB

A-SA-B-SB-M

A-SA-B-SB-M-G

A-SA-B-SB-SC

A-SA-B-SB-C-SC

A-SA-B-SB-C-SC-M

A-SA-B-SB-C-SC-M-G

Current modulus

α

○
√
√
√
√
√
√
√
√
○
○
○

β

×

×

×

×

×

×

×

×

×

×

×

×

γ

×

×

×

×

×

×

×

×

×

×

×

×

δ

√
√
√
√
√
√
√
√
√
√
√
√

ε

√
√
√
√
√
√
√
√
√
√
√
√

ζ

×

×

×

×

×

×

×

×

×

×

×

×

η

√
√
√
√
√
√
√
√
√
√
√
√
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They propagate towards opposite directions, as shown in 
Fig. 3.

The expressions of FTW and BTW voltages Fkφ and Bkφ 
are as follows:

ì

í

î

ï

ïï
ï
ï

ï

ï

ï
ïï
ï

ï

Fkφ =
1
2

(Ukφ + ZCφ Ikφ )

Bkφ =
1
2

(Ukφ - ZCφ Ikφ )

ZCφ = (Rφ + jwLφ )/(Gφ + jwCφ )

(11)

For cable 1, when an external fault f2 or f3 occurs, FTW 
and BTW voltages satisfy (12) obviously.

ì

í

î

ï

ï
ïï
ï

ï

ï

ï
ïï
ï

ï

Bmφ =FnφAφ

Bnφ =FmφAφ

Aφ = e-γφl

γφ = (Rφ + jwLφ )(Gφ + jwCφ )

(12)

When an internal fault f1 occurs, (12) is no longer valid 
since the fault breaks the balance of the equation. The differ‐
ence between Bmφ and FnφAφ is significant during fault tran‐
sient period because the energy exchange between the capac‐
itance and inductance in submarine cables dominates the 
characteristics and magnifies the fault current. The differ‐
ence diminishes gradually when the control systems of con‐
verters come into play and weaken the fault characteristics. 
Taking full advantage of the fault characteristics during this 
period prevents the protection from the impact of control 
strategies.

IV. PROPOSED PILOT PROTECTION 

In order to exploit transient information under low sam‐
pling frequency conditions, this section firstly derives the ex‐
pression of BTW voltage based on interpolation, and then in‐
troduces the proposed pilot protection for submarine cables 
of LFTS.

A. Calculation of BTW Voltage Based on Interpolation

Transient processes in the power system are most effec‐
tively analyzed in the time domain, therefore this subsection 
presents time-domain expressions for traveling waves.
1) FTW and BTW Voltages Based on Marti Model

Rφ and Lφ in (11) are frequency-dependent parameters due 
to the skin effect, so converting the frequency characteristics 

to time domain is the key. Marti model replaces ZCφ with an 
equivalent network composed by resistance-capacitance par‐
allel blocks, which have the same frequency response as ZCφ 
[32]. In this paper, the vector fitting procedure is applied for 
rational function approximation to obtain the parameters of 
resistance and capacitance [33], as shown in (13).

ì

í

î

ï
ïï
ï

ï
ïï
ï

ZCφ (s)= k0 +
k1

s + p1

+
k2

s + p2

+ +
kn

s + pn

Ri = ki /pi    i = 12n
Ci = 1/ki    i = 12n

(13)

ZCφIkφ in (11) denotes the voltage drop across resistance-
capacitance parallel blocks when Ikφ flows through it, hence 
its calculation in the time domain is:

ì

í

î

ï

ï
ïï
ï

ï

ï

ï
ïï
ï

ï

ZCφ Ikφ (t)=UZC
(t)= k0 Ikφ (t)+∑

i = 1

n

Ui (t)

Ui (t)=m1iUi (t -Dt)+m2i (Ikφ (t)+ Ikφ (t -Dt))

m1i = (1 - 0.5piDt)/(1 + 0.5piDt)

m2i = 0.5kiDt/(1 + 0.5piDt)

(14)

Substituting (14) into (11), the expressions of FTW and 
BTW voltages in the time domain are:

ì

í

î

ï
ïï
ï
ï
ï

ï
ïï
ï
ï
ï

Fkφ (t)=
1
2 ( )Ukφ (t)+ k0 Ikφ (t)+∑

i = 1

n

Ui (t)

Bkφ (t)=
1
2 ( )Ukφ (t)- k0 Ikφ (t)-∑

i = 1

n

Ui (t)

(15)

2) Improved Calculation of Convolution with Interpolation
In order to improve the calculation accuracy, the vector fit‐

ting procedure is also applied to fit the product of propaga‐
tion function Aφ and esτ. Then, transform the partial fractions 
to exponential terms in the time domain and convolve them 
with FTW calculated in the previous part using recursive 
convolutions. The calculation of Fkφ (t)*Aφ (t)  in the time do‐
main is:

ì

í

î

ï

ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

ï

ï

ï

ï

Fkφ (t)*Aφ (t)=Fk_φ (t)*[Aφe
sτe-sτ ](t)=∑

i = 1

n

bi (t)

Aφe
sτ (s)=

l1

s + q1

+
l2

s + q2

+ +
ln

s + qn

bi (t)= gibi (t -Dt)+
1
2

ci (Uk (t - τ)+UZC
(t - τ))+

            
1
2

di (Uk (t - τ -Dt)+UZC
(t - τ -Dt))

gi = e-qiDt

ci = li (1 - hi )/qi

di =-li (gi - hi )/qi

hi = (1 - gi )/(qiDt)

(16)

where function [·] is used to extract the integer component.
However, in most cases, unless specially designed, τ is not 

integer multiples of the sampling interval Dt, that is, 
Uk (t - τ) and UZC

(t - τ) in (16) cannot be obtained from the 

sampling values directly, especially in the cases with low 
sampling frequency. Hence, their values are approximated by 
the adjacent sampling data using linear interpolation. The ex‐

m
Cable 1

Cable 2

n

Cable 3

�

�

�

�

f2

f3

f1

Bn,φ
Bm,φ Fn,φ

Fm,φ

In,φIm,φ

Un,φUm,φ

Fig. 3.　Traveling-wave schematic diagram of ATCs.
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pression of Fkφ (t)*Aφ (t) is shown as:

ì

í

î

ï

ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

ï

ï

ï

ï

Fkφ (t)*Aφ (t)=Fkφ (t)*[Aφe
sτe-sτ ](t)=∑

i = 1

n

bi (t)

bi (t)= gibi (t -Dt)+
1
2

ci [k1Uk (t - k3Dt)+ k2Uk (t - k4Dt)+

            k1UZC
(t - k3Dt)+ k2UZC

(t - k4Dt)]+

           
1
2

di [k1Uk (t - (k3 + 1)Dt)+ k2Uk (t - (k4 + 1)Dt)+

            k1UZC
(t - (k3 + 1)Dt)+ k2UZC

(t - (k4 + 1)Dt)]

k2 = τ/Dt -[τ/Dt]

k1 = 1 - k2

k3 =[τ/Dt]

k4 = k3 + 1

(17)

B. Fault Line Identification Method

According to the fault characteristic analysis in Section III-
B, when an external fault occurs, local FTW voltage and re‐
mote BTW voltage satisfy (12). While as for an internal 
fault, a significant difference between BTW voltage and 
Fkφ (t)*Aφ (t) emerges. Therefore, taking relay m for instance, 
the two criteria can be represented as:

ì
í
î

ïïBmφ (t)¹Fnφ (t)*Aφ (t)

Fmφ (t)*Aφ (t)¹Bnφ (t)
(18)

The expression of Fmφ (t)*Aφ (t) includes historical data ac‐
cording to (16), so it is obvious that constructing the criteria 
with local BTW voltage achieves better operating speed than 
with local FTW voltage. Modulus δ has the ability to distin‐
guish all kinds of fault types, therefore the time-domain cri‐
terion of relay m to identify the fault line is represented as:

rerr (k)=
∑
k = 1

N

|| Bmδ (k)-Fnδ (k)*Aδ (k)

∑
k = 1

N ( )|| Bmδ (k) + || Fnδ (k)*Aδ (k)
> rThre (19)

To increase the sensitivity of identification criterion, cur‐
rent changes are adopted as:

| iφ (n)- iφ (n -NS ) | × 0.1IN    φ =ABC (20)

In order to prevent incorrect pick-ups due to interference, 
fault line identification is activated when the current changes 
exceed the threshold continuously five times.

C. Working Steps of Proposed Protection

The flow chart of the proposed protection is depicted in 
Fig. 4. First, sample phase currents to check whether or not 
the protection identification criteria are met. If the criteria 
are met, the workflow proceeds to the fault line identifica‐
tion step. Calculate BTW voltage at local end and FTW volt‐
age at remote end using (11), and then calculate the convolu‐
tion of FTW voltage and the propagation function at the re‐
mote end using (17) based on the linear interpolation. Final‐
ly, if the criterion (19) is satisfied, it is considered as an in‐
ternal fault and the circuit breakers are tripped. If not, reset 
the protection.

V. SIMULATION VERIFICATION 

Extensive simulations are applied to check the perfor‐
mance between current differential protection and the pro‐
posed protection under various fault conditions. A multitermi‐
nal LFTS in Fig. 1 is established in PSCAD/EMTDC, which 
includes three OWPPs. In order to reduce simulation time, 
the OWPP is aggregated by the wind turbine generator with 
a multiplier element. And the numbers of wind turbine gener‐
ators in the OWPPs 1, 2, and 3 are 25, 50, and 75, respec‐
tively. Table II presents the detailed parameters of LFTS un‐
der test. HYJQF41-F 127 kV/220 kV ATC is adopted, of 
which the armor and metallic sheaths are grounded at both 
ends. The numerical solution for its phase-mode transforma‐
tion matrix is shown in (21), and modulus δ is used to identi‐
fy the fault line.

ì
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ï
ïï
ï
ï
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ï

T -1
ir =
é

ë

ê

ê

ê

ê

ê

ê

ê
êê
ê
ê

ê

ê

ê

ê

ê
ù

û

ú

ú

ú

ú

ú

ú

ú
úú
ú
ú

ú

ú

ú

ú

ú
1 1 1 1 1 1 1
-1 -1 -1 -1 -1 -1 0

0.667 0.667 -0.330 -0.330 -0.336 -0.336 0
0.997 0 0.237 0 0.112 0 0
0.014 0 -0.997 0 -0.511 0 0

0 0 0.502 0.502 -0.502 -0.502 0
0 0 0 0 1 0 0

T -1
ur =
é

ë

ê

ê

ê

ê

ê

ê

ê
êê
ê
ê

ê

ê

ê

ê

ê
ù

û

ú

ú

ú

ú

ú

ú

ú
úú
ú
ú

ú

ú

ú

ú

ú
0 0 0 0 0 0 1
0 -0.333 0 -0.333 0 -0.333 1
0 1 0 -0.500 0 -0.500 0
1 -1 0.014 -0.014 0 0 0

0.238 -0.238 -1 1 0 0 0
0 -0.006 0 1 0 -0.994 0

0.010 -0.010 -0.512 0.512 1 -1 0

(21)

Fault line identification
Y

N

N

Internal fault

Circuit breaker is tripped

External fault

Sampling signals

Y

Start

End

|iφ(n)�iφ(n�NS)|>0.1IN?

Protection pick-up

Calculation of BTW voltage at local end and
FTW voltage at remote end using (11) 

Calculation of convolution of FTW voltage and 
propagation function at remote end using (17) 

rerr>rThre?

Fig. 4.　Flowchart of proposed protection.
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A. Performance of Current Differential Protection

The performance of the current differential protection is 
checked when different orders of NSC are adopted by the 
M3C. This test aims to estimate the robustness of the current 
differential protection coping with different control strategies 
of converters. kres is typically taken as 0.85 [26]. Figure 5 
presents the simulation results of phase A for an internal A-
SA-M-G fault with sampling frequency of 10 kHz and all 
faults are applied at 0 s. The operation criterion in (2) uses 
the one-cycle Fourier algorithm, while the distributed capaci‐
tance currents are compensated to obtain the currents at both 
ends.

The NSC suppression of GSCs and M3C causes a mal-op‐
eration as shown in Fig. 5(b), since the restrained current Ir 
predominates rather than Id. As NSC injected by M3C in‐
creases, the ratio between Id and Ir increases, which contrib‐
utes to correct operation of the current differential protec‐
tion. Due to the dynamic characteristics of the Fourier algo‐
rithm, phasor-based protection needs to wait one cycle after 
the fault to perform calculations, which reduces the operat‐
ing speed of the protection.

B. Performance of Proposed Protection

Comprehensive simulations are carried out to demonstrate 
the robustness of the proposed protection, including tests un‐
der different fault types, fault resistance, NSC orders of 
M3C, power levels, and fault occurrence time. Fault points 
f1, f2, and f3 are set at midpoints of cables 1, 2, and 3, respec‐
tively. All tests are performed with a sampling frequency of 
10 kHz. The time window is set to be 5 ms.
1) Performance Under Different Fault Types

In most cases of submarine cable faults, the fault resis‐
tance is low, typically less than 10 Ω [34], therefore the max‐
imum value of the fault resistance is set to be 20 Ω. The 
threshold setting should ensure that the protection does not 
misoperate under external faults, while reliably identifying 
internal faults. In order to ensure adequate sensitivity for the 
detection of a slight fault with the maximum fault resistance, 
while allowing for a margin of error, the threshold value rThre 
in (19) is set to be 0.2. The simulation results under differ‐
ent fault types at relay m of cable 1 are shown in Fig. 6. 
The results show that the proposed protection can reliably 
identify the fault line under different fault types.

Taking the A-SA-SB-B-SC-C-M-G fault as an example, 
Fig. 7 displays the comparisons between Fnδ (t)*Aδ (t) and 
Bmδ (t). The BTW voltage calculated from the local informa‐
tion is close to that calculated by the convolution of FTW 
voltage at remote end and Aδ (t) when an external fault oc‐
curs, which is not valid for an internal fault. The results con‐
firm the conclusions of the fault characteristic analysis in 
Section III-B.

Identification results of different fault types are shown in 
Table III. rerr is the calculated value at 5 ms. It exceeds the 
threshold in 5 ms for internal faults with different fault resis‐
tance. While it is below the threshold for external faults, 
which indicates the reliability of the proposed protection.

The sensitivity is defined as the ratio of the operation 
quantity to the threshold. Table IV shows the sensitivity com‐
parison between the current differential protection and the 
proposed protection for bolted internal faults. The current dif‐
ferential protection tends to malfunction due to the reduced 
sensitivity caused by NSC suppression, whereas the pro‐
posed protection has sufficient sensitivity to identify the 
fault line.
2) Performance Under Different NSC Orders

The proposed protection uses the information during the 
fault transient period. The difference between Bmφ (t) and 
Fnφ (t)*Aφ (t) is significant during this period even if both 
GSCs and the low-frequency side of M3C suppress their 
NSCs.
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Fig. 5.　Simulation results of phase A for internal A-SA-M-G fault. (a) Id 
and Ir with NSC suppressed. (b) Ratio between Id and Ir with NSC sup‐
pressed. (c) Id and Ir when M3C injects NSC (0.05 p.u.). (d) Ratio between 
Id and Ir when M3C injects NSC (0.05 p.u.). (e) Id and Ir when M3C injects 
NSC (0.1 p.u.). (f) Ratio between Id and Ir when M3C injects NSC (0.1 p.u.).

TABLE II
PARAMETERS OF LFTS UNDER TEST

Position

M3C

GSC

Cable

Item

Rated capacity (MVA)

Frequencies at both sides (Hz)

Rated voltages at both sides (kV)

Number of sub-modules per arm

Rated voltage of sub-module (kV)

Capacitance of sub-module (mF)

Inductance of arm (mH)

Converter transformer leakage reactance (p.u.)

Rated capacity (MVA)

Voltage of DC side (kV)

DC capacitance (mF)

Step-up transformer leakage reactance (p.u.)

Lengths of cables 1, 2, and 3 (km)

Capacities of shunt reactors of cables 1, 2, 
and 3 (Mvar)

Value

300

50/3, 50

220, 220

200

2

8

100

0.1

2

1.7

15

0.1

100, 120, 140

29, 34, 40
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Figure 8 presents the simulation results under different 
NSCs injected by M3C (GSCs suppress their NSCs) when 
an A-SA-M-G fault occurs. The results show that the pro‐
posed protection correctly identifies the fault line regardless 
of NSC orders followed by M3C.

3) Performance Under Different Power Levels
The rated capacities of the three OWPPs are different, so 

the power levels of the three cables are also different. Tak‐
ing cables 2 and 3 as example, the simulation results under 
different power levels for A-SA-M-G fault are shown in Fig. 
9, and the identification results under different fault resistanc‐
es are shown in Table V. The results indicate that the pro‐
posed protection reliably identifies the fault line regardless 
of power levels.
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Fig. 6.　Simulation results under different fault types at relay m of cable 1. 
(a) A-SA-M-G. (b) A-SA-B-SB. (c) A-SA-B-SB-C-SC-M-G.

TABLE III
IDENTIFICATION RESULTS OF DIFFERENT FAULT TYPES

Fault
 type

A-
SA

A-
SA-
M

A-
SA-
SB

A-
SA-
B-

SB-
M

Fault 
point

f1

f2

f1

f2

f1

f2

f1

f2

Rf1 
(Ω)

0

10

20

0

10

20

0

10

20

0

10

20

0

10

20

0

10

20

0

10

20

0

10

20

rerr

0.7891

0.7350

0.4973

0.0789

0.0789

0.0543

0.7895

0.7709

0.5927

0.0788

0.0821

0.0651

0.7891

0.7772

0.6012

0.0788

0.0821

0.0661

0.9100

0.8314

0.6683

0.0675

0.0788

0.0559

Identifi‐
cation 
result

Internal

External

Internal

External

Internal

External

Internal

External

Fault
 type

A-
SA-
B-

SB-
M-G

A-
SA-
B-

SB-
SC

A-
SA-
B-

SB-
C-SC

A-
SA-
B-

SB-
C-

SC-
M

Fault 
point

f1

f2

f1

f2

f1

f2

f1

f2

Rf1 
(Ω)

0

10

20

0

10

20

0

10

20

0

10

20

0

10

20

0

10

20

0

10

20

0

10

20

rerr

0.9098

0.8348

0.7049

0.0675

0.0584

0.0559

0.9100

0.8347

0.6755

0.0676

0.0786

0.0563

0.6345

0.6493

0.5867

0.0392

0.0372

0.0417

0.6344

0.6493

0.5867

0.0392

0.0372

0.0417

Identifi‐
cation 
result

Internal

Exter‐
nal

Internal

Exter‐
nal

Internal

Exter‐
nal

Internal

Exter‐
nal

TABLE IV
SENSITIVITY COMPARISON OF DIFFERENT PROTECTIONS

Fault type

A-SA

A-SA-M

A-SA-M-G

A-SA-SB

A-SA-B-SB

A-SA-B-SB-M

A-SA-B-SB-M-G

A-SA-B-SB-SC

A-SA-B-SB-C-SC

A-SA-B-SB-C-SC-M

A-SA-B-SB-C-SC-M-G

scd

0.8342

0.8345

0.8345

0.8345

1.9418

1.9418

1.9418

1.9418

1.2437

1.2437

1.2437

sMarti

3.9455

3.9475

3.9465

3.9455
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Fig. 7.　Comparison between Fnδ (t)*Aδ (t) and Bmδ (t) when A-SA-SB-B-
SC-C-M-G fault occurs. (a) f2 when fault resistance is 1 Ω. (b) f1 when fault 
resistance is 1 Ω.
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4) Performance Under Different Fault Occurrence Time
In order to test the performance of the proposed protec‐

tion under different fault occurrence time, faults are set un‐
der different voltage angles. Take A-SA-M-G fault for in‐
stance, when faults occur under various voltage angles of 
phase A, simulation results at relay m of cable 1 are shown 
in Fig. 10. All fault time is offset to 0 s for ease of observa‐
tion. Simulation results under other voltage angles are pre‐
sented in Table VI. The results verify that the proposed pro‐
tection is valid regardless of fault occurrence time.

VI. CONCLUSION 

For submarine cables where both ends are connected to 
converters, the traditional phasor-based pilot protection is 
susceptible to insufficient sensitivity, and may even malfunc‐
tion due to inappropriate control strategies.

On basis of the fault characteristics of ATC during fault 
transient period, a pilot protection based on BTW voltage 
difference for submarine cables of LFTS is proposed. The 
following conclusions can be drawn.

There is a strong correlation between the differential cur‐
rent and the NSC injected by converters under asymmetric 
faults. Small NSCs often cause mal-operations of relays. Fur‐
thermore, the process of phasor extraction reduces the operat‐
ing speed of conventional protections, especially in LFTS. 
The expression of BTW voltage based on interpolation can 
be applied to the scenario of low sampling frequency, which 
reduces the sampling demand. The proposed protection for 
submarine cables operates correctly, independent of control 
strategies. Numerous simulation tests verify that it could 

TABLE V
IDENTIFICATION RESULTS UNDER DIFFERENT FAULT RESISTANCES

Cable

Cable 2

Cable 3

Fault point

f1

f2

f1

f3

Rf (Ω)

0

10

20

0

10

20

0

10

20

0

10

20

rerr

0.0637

0.0805

0.0808

0.8480

0.8100

0.6997

0.0658

0.0779

0.0903

0.8368

0.8263

0.7461

Identification result

External

Internal

External

Internal
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Time (ms)

rThre=0.2

Fig. 10.　Simulation results under different voltage angles for A-SA-M-G 
fault.

TABLE VI
RESULTS UNDER DIFFERENT VOLTAGE ANGLES

Voltage 
angle (°)

45

135

225

315

Fault point

f1

f2

f1

f2

f1

f2

f1

f3

Rf (Ω)

0

1

0

1

0

1

0

1

0

1

0

1

0

1

0

1

rerr

0.9070

0.9078

0.0608

0.0657

0.8136

0.8283

0.0721

0.0744

0.9069

0.9078

0.0609

0.0657

0.8138

0.8282

0.0722

0.0745

Identification 
result
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Internal

External
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Fig. 8.　Simulation results under different NSCs injected by M3C.
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Fig. 9.　 Simulation results under different power levels for A-SA-M-G 
fault. (a) Cable 2. (b) Cable 3.
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identify the fault line reliably in 5 ms with a high sensitivity.
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