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Abstract:
The Modular Multilevel Converter (MMC) HVDC system is becoming increasingly significant in contempo-
rary power grids as power electronics technology continues to evolve. It is essential to provide protection
in large DC circuits to maintain stability and security during faults. This paper presents a comparative
analysis of the travelling wave-based protection schemes of PMGMW and CBTW, which were originally
developed for LCC HVDC systems and have been adapted for a two-terminal MMC HVDC system. In
order to assess fault resistance endurance, fault identification accuracy, and processing time under a variety
of fault conditions, simulations were conducted in PSCAD/EMTDC. The results suggest that Pole Mode
Ground Mode Wave’s (PMGMW) scheme is more resilient to high resistance faults, maintaining accuracy
at fault resistances of up to 100 Ω, while Change in Backward Travelling wave’s (CBTW) scheme is less
resilient to high resistance faults but demonstrates quicker fault identification with reduced processing time.
Consequently, this investigation further solidifies the insights into the improvement of current protection
systems for MMC HVDC applications.

Keywords: High voltage direct current transmission; Line commutated converter; Modular multi-level converter; Travelling wave based
protection; DC circuit breaker

1. Introduction

In contrast to Line Commutated Converter (LCC) HVDC
systems, Voltage Source Converter (VSC) HVDC grids
exhibit significantly higher DC fault propagation speeds,
potentially causing extensive system damage within mil-
liseconds [1]. Protection for DC lines in LCC-HVDC trans-
mission systems has been extensively developed and holds
significant practical application knowledge, offering valu-
able perspectives for VSC-HVDC grids. For DC lines in
LCC-HVDC systems, single-ended travelling wave-based
protection techniques are now the main means of protection
[2–5]. Electrical energy is believed to propagate through
waves as per the electromagnetic field theory. Along the
transmission line, voltage and current waves move under
both healthy and unhealthy circumstances. But in the event
of a fault, travelling waves due to the fault originate and
propagate at the speed of light along each end of the line,
carrying important data regarding the fault. HVDC line

protection can leverage the fault-generated transient trav-
elling waves to meet the need for quick response. The
pole mode wave and its rate of change are the main tools
used by PMGMW travelling wave-based DC protection ap-
proach to identify the damaged pole [2, 3]. Although this
method can provide comprehensive protection for the en-
tire line, it still requires further improvements to enhance
its resilience against high transition resistance and distur-
bance. CBTW has a protection strategy that utilizes the
integration of backward travelling waves to enhance its anti-
interference capability. However, this approach may also
result in slower acting speeds [4]. Despite these limitations,
this protection method represents a significant step forward
in safeguarding transmission lines and reducing the risk of
electrical failures.
With continued research and development, it is possible to
further enhance the effectiveness of this technique and im-
prove the overall reliability of power grids. [5]. More recent
studies have concentrated on improving DC line protection
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for VSC-HVDC grids, building on protection techniques
created for LCC-HVDC systems. Reference [6] investigated
a protection criterion for VSC-HVDC grids based on the
Rate of Change of Voltage (ROCOV), achieving faster oper-
ation through increased sampling frequency. The resilience
of ROCOV-based protection in situations with significant
transition resistance, however, was not covered in the study.
In reference [7], researcher proposed a protection scheme
utilizing voltage and current wavelet analysis and the rate
of change in voltage and current wavelet analysis; how-
ever, it lacks theoretical underpinning. Moreover, it cannot
provide complete line protection as it does not account for
boundary elements. In Reference [8], a protection scheme
is introduced that uses Rate of Change of Voltage (ROCOV)
at the line side of the DC reactor for fault detection and
location. The scheme effectively prevents backward faults
by comparing ROCOV on both sides of the DC reactor. In
reference [9], author introduces a protection strategy that
employs the rate of change of DC reactor voltage. This
protection scheme is intended for use in a meshed multi-
terminal HVDC grid in which DC reactors are situated at
both extremities of each line. A non-unit protection sys-
tem depending on travelling wave reflection at inductive
terminations is presented in Reference [10]. Using voltage
magnitude and its derivative, this method separates forward
internal and external faults, eliminating backward faults de-
pending on current derivative analysis. The aforementioned
studies explored the implementation of traveling wave pro-
tection in VSC HVDC grids. Each of these single-ended pro-
tection techniques, nevertheless, are unable to discriminate
between severe external faults and internal high impedance
faults. A protective strategy relying on the ratio of transient
voltages was developed in Reference [11]. It uses remote-
end data to handle high-resistance problems. For DC grids
based on Modular Multilevel Converters (MMCs), Refer-
ence [12] presented a transient voltage-based protection
concept. Indeed, directional criteria are crucial in major-
ity of the previously mentioned single sided protections to
mitigate backward faults. Currently, directional criteria in
DC systems chiefly rely on variations in DC current (∆i)
or its rate of change ( di

dt ) [9–13]. Similarly, the fault is de-
termined to be forward when the di/dt value used in the
direction criterion is above a positive threshold. Neverthe-
less, owing to the charging and discharging of distributed
line capacitors, di

dt swings among positive and negative val-
ues for both forward and backward faults. The steadiness
is compromised by this variability [13]. Thus, ongoing
research is essential for developing direction criteria that
are fast and reliable. None of these methods for protecting
VSC HVDC transmission lines have been implemented in
practice. This paper implements conventional PMGMW
and CBTW protection of LCC HVDC systems specifically
for a two-terminal MMC HVDC system. Both protection
schemes are analysed and compared through simulations,
considering factors like fault resistance, fault distance, inter-
nal and external faults, and frequency-dependent overhead
lines. The results indicate that PMGMW protection exhibits
greater resilience against fault resistance endurance com-
pared to CBTW. Both PMGMW and CBTW use change

rate criteria to differentiate between internal and external
faults. CBTW protection uses change in backward travel-
ling wave to select fault lines, while PMGM utilizes ground
wave change rate for the same purpose. Addressing existing
limitations of traveling wave protection schemes, an im-
provement points are recommended based on these criteria.
This research paper investigates the application of existing
travelling wave-based protection systems, originally de-
signed for Line Commutated Converter (LCC) HVDC grids,
to a two-terminal Modular Multilevel Converter (MMC)
HVDC system. The key contributions of this research
are as follow: The paper compares the performance of
PMGMW and CBTW travelling wave-based protection sys-
tems through simulations. It analyses how each system
identifies fault type and location using travelling wave char-
acteristics. While these protection systems were developed
for LCC-HVDC, the research explores their effectiveness
when adapted for MMC-HVDC grids. This is valuable
because MMC-HVDC systems have different fault propa-
gation characteristics compared to LCC-HVDC. The simu-
lations consider various factors that can impact protection
performance, including transition resistance, fault distance,
internal and external faults, and frequency dependence of
overhead line. This allows for a comprehensive understand-
ing of how these systems respond under different fault sce-
narios. Based on the analysis of simulation results, the paper
identifies the limitations of both PMGMW and CBTW pro-
tection systems. It suggests potential areas for improvement
to enhance their effectiveness in MMC-HVDC applications.
This provides valuable insights for future research and de-
velopment of MMC-HVDC protection schemes.
The swift advancement of HVDC technology, particularly
the transition from Line Commutated Converter (LCC) to
Modular Multilevel Converter (MMC) based systems, in-
troduces novel difficulties in detecting and safeguarding
against faults. Conventional safety methods intended for
from Line Commutated Converter (LCC) High Voltage Di-
rect Current (HVDC) systems may have difficulties in deal-
ing with the distinct issues presented by Modular Multilevel
Converter (MMC) HVDC systems. These problems in-
clude the rapid spread of faults and the absence of inherent
zero-crossings in DC faults. The objective of this research
is to explore possible modification and augment existing
protection strategies in order to provide robust and rapid
fault detection in MMC HVDC systems. The effective
management of high fault resistance and the differentiation
between internal and exterior faults provide a notable re-
search gap. In order to enhance grid stability and minimise
the likelihood of system-wide failures, it is imperative to
address these deficiencies. These findings may guide further
evolution of secure and fast-acting protection systems for
ensuring the stability and security of MMC-HVDC power
grids.
The subsequent sections of this paper are organized as fol-
lows: Section 2 discusses the two-terminal MMC HVDC
system testing, Section 3 provides a detailed presentation
of travelling wave based protection of PMGMW and its
simulation result, Section 4 showcases protection scheme of
CBTW and its simulation results, Section 5 shows compara-
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Figure 1. 2- Terminal Symmetrical Monopole MMC HVDC.

Figure 2. 2- Terminal Symmetrical Monopole MMC HVDC with fault
location.

tive analysis of PMGMW and CBTW, Section 6 showcases
summary for protection scheme and Section 7 shows con-
cluding remarks.

2. System layout

Fig. 1 shows circuit layout of a symmetrical monopole two-
terminal MMC HVDC system, where each converter uses
full bridge MMC. A monopole HVDC system typically con-
sists of a single/two high-voltage DC line that carries the
transmission between the converter stations. For a typical
monopole MMC HVDC line, at least two DC circuit break-
ers are required-one at each converter station. Additional
breakers may be included based on specific system needs
and protection strategies. In this configuration, DC circuit
breaker are installed at positive and negative pole at each
converter station. The DC circuit breaker CB1 and CB2
adopts the hybrid DCCB topology presented in [14]. For
protection and to trip the DC circuit breakers, relays R1 and
R2 are deployed at converter station-1, and relays R3 and
R4 at converter station-2. The inductors are positioned on
the DC line side of DCCBs to control the rate of rise of fault
currents and serve as barriers for DC lines, offering high
impedance paths for high-frequency components.
On DC transmission lines, pole to pole faults (PTP) and
pole to ground faults (PTG) are frequent. Comprehensive
analysis and fault current calculations are given in refer-
ences [15] and [16]. Article [17] introduces a resilient non
unit traveling wave protection (TWP) system designed to
identify DC fault areas and discriminate fault types under
high impedance fault conditions. Article [18] offers an
in-depth review and analysis of the control and protection
mechanisms utilized in the MMC-based multi-terminal di-
rect current (MTDC) system. When a PTP fault occurs,
the DC terminal voltage on the affected line quickly drops
to zero, accompanied by a substantial surge in current in
the line. When a PTG/NTG fault occurs, the voltage at
the faulted pole drops to zero, while at the healthy pole, it
becomes doubles to the rated voltage. Depending on the
fault feature, DC fault identification criteria can be devel-
oped using time domain strategies. However, in case of high
resistance PTG/NTG fault, the variations in line voltage
and current may not be substantial.

3. Pole mode-ground mode wave (PMGMW)
travelling wave protection

3.1 Basic principle and protection criteria
In recent years, research has focused on developing pro-
tections for the DC lines in VSC-HVDC systems, drawing
insights from protections used in LCC HVDC systems. Pro-
tection of LCC-HVDC system by PMGMW is applied to
two terminal VSC HVDC system. In this method, pole
mode and ground mode components are calculated as fol-
low,

P = Id1Zc1 −Ud1 (1)

G = Id0Zc0 −Ud0 (2)

Where Id1, Ud1 and Zc1 represent the current of line mode,
voltage of line mode and impedance of line mode respec-
tively. Id0, Ud0 and Zc0 represent the current of ground
mode, voltage of ground mode and impedance of ground-
mode respectively. The pole mode element (P) and ground
mode element (G) signify the backward-traveling waves of
the line and ground modes, respectively [19](

Ido

Id1

)
= Q−1

(
IP

IN

)
(3)

(
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)
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(
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UN

)
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Where UP and IP are positive pole voltage and current, while
UN and IN are negative pole voltage and current.

Q =
1√
2

[
1 1
1 −1

]
(5)

Zc0 =

√
(Zs +Zm)

(Ys +Ym)
(6)

Zc1 =

√
(Zs −Zm)

(Ys −Ym)
(7)

Where Zs and Zm are the self and mutual impedance of line,
Ys and Ym are the self and mutual admittance of line. Zc1 =
250 Ω, Zc0 = 500 Ω for two conductor flat tower and sym-
metrical configured 3 bundled sub conductor. Travelling
wave velocity is 2.879 × 105 km/s.
Upon a fault in line, the traveling wave emanates from the
fault point, reaching both ends of line and traveling in op-
posite direction as well. Due to fault, many parameters like
DC Voltage, DC current etc. of the line change quickly.
PMGMW travelling wave protection checks four criteria to
recognize the fault on line.
1) The change in pole mode wave (∆P) 2) Rate of change of
pole mode wave dP

dt
3) Change in ground mode wave (∆G) 4) Rate of change of
ground mode wave dG

dt [20].
To assess the protection algorithm a 2-terminal MMC
HVDC system is emulated in PSCAD/EMTDC and its
all relevant criteria shown in Fig. 3.
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All these criterions are compared with various thresholds as
follow [21]. 

dP
dt > ∆1

∆P > ∆2
dG
dt > ∆3

∆G > ∆4

(8)

∆1 - ∆4 are thresholds value which are decided by various
simulation results. ∆P and dP

dt are used to determine internal
and external fault. If ∆P

dt < ∆1 and ∆P < ∆2, then fault is
identified as an external fault. All four criteria are shown in
Fig. 3.
Upon the occurrence of the fault, the values of the two
parameters increase significantly. This is the heart of
PMGMW travelling wave protection system. There are
many filters connected at terminal end which will work as
boundary components. During external fault, the value of
∆P and dP

dt will be smaller due to boundary components.

3.2 Implementation of protection scheme

To eliminate unnecessary activations of the protection
scheme during standard operations and certain external
faults, a start-up element is used to activate the scheme.
When fault takes places, DC voltage reducing drastically
hence voltage derivative criteria ( du

dt ) is employed. Once
start up element is activated then it will start to perform
various calculations.
Step-1: Obtain sampled voltage and current data and calcu-
late voltage derivative. Compare it with threshold value.
Step-2: Perform modal analysis and Calculate zero mode
voltage (Ud0), pole mode voltage (Ud1), zero mode cur-
rent (Id0) and pole mode current (Id1) by using Eq. (3) and
Eq. (4).
Step-3: Find out Pole mode component (P) and Ground
Mode component (G) by using Eq. (1) and Eq. (2). And
also calculate rate of change of pole mode component ( dP

dt )
and change in pole mode component(∆P).The backward
traveling wave in line mode is represented by the pole mode
(P) component, while in ground mode it is represented by
the ground mode (G) component.
Step-4: Compare ( dP

dt )and (∆P) with threshold values ∆1
and ∆2 respectively. If criteria is satisfied then it is termed
as internal fault else external fault.
Step-5: Calculate and compare rate of change of ground
mode wave ( dG

dt ) and Change in ground mode wave (∆G)
with thresholds ∆3 and ∆4 respectively to identify PTP fault
and PTG/NTG fault.
Step-6: At last, check and compare the value of Ground
mode (G) with ∆5 ,∆6 and ∆7 to identify PTP fault, PTG
fault and NTG fault respectively. Fig. 3 illustrates all the
aforementioned steps as a flowchart. The threshold values
given as follow are carefully selected to ensure that the pro-
tection algorithm activates during high-impedance internal
faults and remains inactive during external faults.
1) G > ∆5 -Positive Pole to Ground Fault (PTG)
2) G < ∆6 -Negative Pole to Ground Fault (NTG)
3) −∆7 ≤ G ≤ ∆7 -Pole to Pole Fault (PTP)

Figure 3. Flow Chart of PMGMW method].

3.3 Simulation and results

The simulation studies were conducted using
PSCAD/EMTDC, focusing on a two-terminal MMC
HVDC system with ±320 kV, 1.5 kA, 1000 MW capacity
proposed by CIGRE B4 57. The chosen parameters include
fault resistances ranging from 0.01 Ω to 100 Ω, fault
distances from 0 to 400 km, and various types of faults
such as pole-to-pole (PTP), positive pole-to-ground (PTG),
and negative pole-to-ground (NTG) faults. The simulation
modes were designed to capture the dynamic response of
the system under both internal and external fault conditions,
with a sampling frequency of 20 kHz. Fault occurrence
times were set at 2 seconds into the simulation to ensure
steady-state conditions prior to fault initiation. The
results were analysed to evaluate the protection schemes’
effectiveness in terms of fault detection speed, accuracy,
and reliability under varying fault conditions. ∆ = -1.2*103

kV/s, ∆1 = 4*103 kV/s, ∆2 = 0.25 kV, ∆3 = 1*103 kV/s, ∆4
= 0.5 kV, ∆5 = 100 kV, ∆6 = -100 kV, ∆7 ≈ 16 kV.
The essential parameters of the MMC HVDC system are
outlined in Table 1.
Fig. 4 shows the response of the DC voltage of MMC
HVDC line for faults arising at various locations with
varying resistances.The simulated MMC HVDC system in
this work is a symmetrical monopole structure consisting
of full-bridge sub-modules. The rating of each converter
station is 1000 MW, together with a DC voltage of ±320
kV and a DC current capacity of 1.5 kA. Within each arm,
the system utilises 76 sub-modules, each equipped with
a 2800 µF capacitor. The DC line overhead line is of
400 kms with a resistance rating of 0.010605 /km and an
inductance rating of 0.280 mH/km. Individual DC circuit
breakers are strategically placed at every converter station,
employing a hybrid DCCB architecture to ensure fault
isolation. The use of smoothing inductances of 50 mH
serves to restrict the increase of fault current. In addition
to protective activation relays, the simulation model
incorporates current limiting inductors on the DC line side
to serve as boundaries for high-frequency components.
This comprehensive modelling guarantees precise depiction
of the behaviour of the MMC HVDC system during fault
situations, thereby enabling the evaluation of the simulated
protection programs.
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Table 1. System Parameters.

Rated Capacity 1000 MW, 1.5 kA
Rated DC Voltage ±320 kV
Grid side AC Voltage 230 kV
Submodule numbers per arm 76
Submodule Capacitor 2800 µF
Arm reactor 50 mH
Effective resistance of the dc line 0.010605 Ω/km
Effective inductance of the dc line 0.280 mH/km
Length of Line 400 kms
Transformer Rating 1000 MVA, 230/370 kV, Xt=0.1 PU
Smoothing Inductance 50 mH
Converter Rating 1000 MVA
Converter Reactor 0.00125 H
Converter Resistance 0.0005 Ω

Figure 4. DC voltage during various faults.

Figure 5. Idcp and Idcn during MID point fault.

Case-1: positive pole to ground fault with fault resis-
tance Rg = 0.01 Ω and Rg = 100 Ω

As shown in Fig. 2, PTG faults are taking place near termi-
nal of MMC-1 denoted as F1, MID point of transmission
line (F3) and end point of line (F5). Fault produced trav-
elling waves will travel from fault point to both side of
converters. Relays R1 and R2 will check the ROCOV (rate
of change of voltage) criteria and it will identify the fault
once the value of du

dt < ∆. As shown in Fig. 6, ROCOV
has depicted for positive pole to ground fault at terminal
(PTGT), positive pole to ground fault at mid point (PTGM)
and positive pole to ground fault at end point (PTGE) of
transmission line.
Fig. 4 depicts the DC voltage of the line, accounting for
several faults at various locations with differing fault re-
sistances. Fig. 5 depicts the positive (Idcp) and negative
(Idcn) pole current during positive pole to ground fault at
mid point (PTGM), positive pole to ground fault at mid
point with Rg (PTGMR), negative pole to ground fault at
mid point (NTGM), negative pole to ground fault at mid
point with Rg (NTGMR), pole to pole fault at mid point

Figure 6. ROCOV ( du
dt ) for PTGT, PTGM and PTGE.

Figure 7. P, G, ∆G, ∆P , dP
dt and dG

dt for PTGT, PTGM, PTGE fault.

(PTPM), pole to pole fault at mid point with Rg (PTPMR).
The identification of as an internal fault, as illustrated in
Fig. 7 is based on the change in pole mode component
(∆P) and its derivative ( dP

dt ) exceeding the pre-set thresholds
∆2 and ∆1. The values of ∆G and dG

dt exceed their respec-
tive threshold values, prompting the PMGMW protection
scheme to classify it as positive pole to ground fault and
initiate a tripping signal to the HVDC circuit breaker.
Now As shown in Fig. 2, consider PTG fault with Rg =
100 Ω are taking place near terminal of MMC-1 denoted
as F1, MID point of transmission line (F3) and end point of
line (F5). The conditions based on the change in pole mode
component (∆P) and derivative of pole mode component
( dP

dt ) is determining the PTGTR (positive pole to ground
fault at terminal with Rg = 100 Ω), PTGMR (positive pole
to ground fault at MID point with Rg = 100 Ω) and PTGER
(positive pole to ground fault at end point with Rg = 100
Ω) internal fault as they surpass the set threshold values
∆2 and ∆1 respectively. The value of ∆G and dG

dt are also
beyond the predefined threshold values which are depicted
in Fig. 8. So PMGMW protection scheme is able to identify
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Figure 8. P, G, ∆G, ∆P , dP
dt and dG

dt for PTGT, PTGM, PTGE fault.

Figure 9. ROCOV ( du
dt ) for NTGT, NTGM and NTGE.

high resistance fault at far end (400 kms).

Case-2: negative pole to ground fault with fault resis-
tance Rg = 0.01 Ω and Rg = 100 Ω

As shown in Fig. 2, The line is perturbed by NTG fault
at near terminal of MMC-1 denoted as F2, MID point of
transmission line (F4) and end point of line (F6). Protection
algorithm of relays R1 and R2 will check du

dt < ∆ which is
shown in Fig. 9 for NTGT (Negative pole to ground fault
at terminal), NTGM (Negative fault to ground fault at MID
point) and NTGE (Negative pole to ground fault at End
point) then it will detect it as internal fault as per step no-4
of flow chart. Value of ∆G and dG

dt are greater than threshold
values and hence it is recognized as pole to ground fault.
At last, it is decided about type of fault by checking the
parameter G as shown in Fig. 10.
As depicted in Fig. 2, consider a negative pole to ground
fault with a resistance Rg = 100 Ω occurring at various
locations: near the terminal of MMC-1 (F2), at the middle
point of transmission line (F4), and at line’s endpoint (F6).
The detection condition based on the change in pole mode
wave (∆P) and derivative of pole mode component ( dP

dt )
effectively identify internal faults at the terminal (NTGTR),
midpoint (NTGMR), and endpoint (NTGER) of the line.
These faults are distinguished by values exceeding their
respective pre-set thresholds ∆2 and ∆1 .Similarly, the values
of ∆G and dG

dt surpass their corresponding threshold values,
as shown in Fig. 11. Consequently, the PMGMW protection
scheme can also recognize high-resistance faults even at a
considerable distance, such as 400 km away.

Case-3: pole to pole fault
As depicted in Fig. 2, the line experiences pole-to-pole
faults at various points: near terminal of MMC-1 (locations
F1 and F2), at the midpoint of the transmission line (loca-
tions F3 and F4), and at the line’s endpoint (locations F5 and
F6). Relays R1 and R2 will detect these faults by performing

Figure 10. P, G, ∆G, ∆P, dP
dt and dG

dt for NTGT, NTGM, NTGE fault.

Figure 11. P, G, ∆G, ∆P, dP
dt and dG

dt for NTGTR, NTGMR, NTGER
fault.

the ROCOV (rate of change of voltage) criteria ( du
dt < ∆) as

show in Fig. 12. Additionally, the fault is detected as inter-
nal if the change in pole mode wave (∆P) and its derivative
( dP

dt ) exceed their respective threshold values, as illustrated
in Fig. 13. Since this is not a ground fault, ∆G and dG

dt do
not exceed their threshold limits. Instead, the value of G
remains within the threshold range of -∆7 to ∆7, confirming
it as PTP fault, as depicted in Fig. 13.

Case-3: pole to pole fault external
As depicted in Fig. 2, an external PTP faults (F7) eventuate
at the terminal of converter station-2. Relays R1 and R2
should correctly recognize this fault as external and refrain
from operating, as this is not internal fault. As shown in
Fig. 14, value of ∆P and dP

dt are greater than threshold and
value of G also falls between -∆7 to ∆7 , confirming it as
a PTP fault. Consequently, the PMGMW protection algo-
rithm can not detect external fault at considerable distance,
such as 400 km away.
Table 2 presents the performance results of PMGMW trav-
eling wave protection system for overhead lines, detail-
ing fault identification criteria and internal/external dif-
ferentiation across different fault types. It verifies that
PMGMW TW protection scheme works for all type of in-

Figure 12. ROCOV du
dt for PTPT, PTPM and PTPE.
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Figure 13. P, G, ∆G, ∆P, dP
dt and dG

dt for PTPT, PTPM, PTPE fault.

Figure 14. P, G, ∆G, ∆P, dP
dt for External PTP fault.

ternal low/high impedance fault but it can not guarantee
selectivity and reliability under external fault for particular
two terminal MMC HVDC system. The main impact of
fault distance on travelling wave protection is attenuation of
amplitude and increased propagation time. Fault resistance
also attenuates the amplitude of travelling waves. There-
fore, increase in traveling wave arrival time will impact the
amplitude of protection criteria.

4. Change in backward travelling wave
(CBTW) protection

CBTW a traveling wave based protection operates on a dis-
tinctive operational principle. When a fault eventuate, the
fault generated traveling wave moves towards protection
location. As the wave propagates, the DC voltage moni-
tored by the protection decreases rapidly. By calculating,
the rate of change of voltage (ROCOV) and backward trav-
eling wave b(t) [b(t)= ∆Id*Zc - ∆Ud], the system can detect
the dc fault. Overall, the CBTW protection system offers
a sophisticated and effective solution to detect faults and
maintain power system stability.

4.1 Basic principle and protection criteria
To establish protection, certain conditions must be fulfilled.
In order to identify a fault, following steps must be taken:
first, du

dt must be less than a predetermined threshold value.
Next, the integral value of ∆b( j) = b( j) - b(k) must be
calculated for a duration of 10 milliseconds. Here, b(k) de-
notes the most recent value of sample before fault, whereas
b( j) represents the value of sample taken at point j after the
fault. If integral value exceeds a positive threshold, fault is
categorized as PTG fault. Conversely, if integral value falls
below negative threshold, fault is categorized as NTG fault.
Forward travelling wave (FTW) and backward travelling
wave (BTW) generated by fault can be calculated from

Figure 15. Flow Chart of CBTW method.

following equations,

F = Zc1 ∗∆I1 +∆U1 (9)

B = Zc1 ∗∆I1 −∆U1 (10)

Where ∆U1 = change in pole mode voltage, ∆I1 = change in
pole mode current, Zc1 = Line mode impedance, F = Fault
generated FTW, B = Fault generated BTW.

4.2 Implementation of protection scheme
A start-up element is incorporated to minimize the frequent
activation of the protection system during healthy oper-
ating states and specific external disturbances. Upon the
occurrence of a fault, DC voltage experiences a significant
reduction, triggering the voltage derivative criterion ( du

dt ).
Initiation of the start-up element initiates series of subse-
quent calculations to accurately address the fault condition.
Step-1: Obtain sampled voltage and current data and calcu-
late voltage derivative. Compare it with threshold value.
Step-2: Perform modal analysis and Calculate zero mode
voltage (Ud0), pole mode voltage (Ud1), zero mode cur-
rent (Id0) and pole mode current (Id1) by using Eq. (3) and
Eq. (4).
Step-3: Calculate fault generated backward travelling wave
using Eq. (10).
Step-4: Compute the integral of ∆B for 10 milliseconds to
classify the fault type.
Step-5: ∆8 < ∆B < ∆10 then PTG fault ∆B < ∆9 then NTG
fault ∆B > ∆10 then PTP fault ∆8 = 0.5 kV, ∆9 = -0.01 kV
∆10 = 1.5 kV All these threshold values are decided based
on system parameters and numerous simulation studies. All
above mentioned steps are shown in Fig. 15.

4.3 Simulations and results
As discussed in the context of TW protection for PMGMW,
all cases have been analysed for CBTW protection as well.
This analysis focuses solely on ∆B waveforms, as other
waveforms were already covered in the previous method.
CBTW protection utilizes BTW instead of FTW because
BTW reaches the relay location sooner after a fault occurs.

Case-1: PTG, NTG and PTP fault
Fig. 2 illustrates various faults occurring at various locations
along the line: near terminal of MMC-1 (points F1 and F2),
at the midpoint of transmission line (points F3 and F4), and
at end of the line (points F5 and F6). When the ROCOV
(rate of change of voltage) criterion ( du

dt ) < ∆ is met, relay
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Table 2. Summary of PMGMW TW protection scheme.

Type of
Fault

Location of
Fault (kms)

Fault Resistance
(Rg) in Ω

∆P
(kV)
(0.25)

dP
dt
(kV/s)
(4*103)

∆G
(kV)
(0.5)

dG
dt

(kV/s)
(1*103)

Ground Mode
G (kV)

Pole Mode
P (kV)

Correct
Operation

Positive Pole
to Ground
(PTG)

0 0.01 1.2 25.3*103 0.98 20*103 440 651 Yes
0 100 0.4 8*103 0.668 13.41*103 363 261 Yes
200 0.01 0.9 17.5*103 1.06 21.3*103 452 462 Yes
200 100 0.43 9.9*103 0.88 17.4*103 400 300 Yes
400 0.01 0.56 11.33*103 1.07 21.6*103 476 367 Yes
400 100 0.284 5.7*103 0.94 19*103 396 216 Yes
External 0.01 0.53 10.7*103 1.08 21.6*103 438 350 No

Negative Pole
to Ground
(NTG)

0 0.01 1.28 25.6*103 1.12 22.4*103 -444 661 Yes
0 100 0.418 8.37*103 0.74 15*103 -362 268 Yes
200 0.01 0.87 17.5*103 1.1 22*103 -470 463 Yes
200 100 0.5 9.9*103 0.89 17.8*103 -396 300 Yes
400 0.01 0.54 11*103 0.91 18.5*103 -443 347 Yes
400 100 0.26 5.2*103 0.84 16.7*103 -394 210 Yes
External 0.01 0.55 11.1*103 1.08 21.6*103 -443 350 No

Pole to Pole
(PTP)

0 0.01 6.02 120*103 0.01 28
≈0.892 to
-5.73

2816 Yes

200 0.01 5.56 98.5*103 0.0012 28
≈0.892 to
-18.4

2279 Yes

400 0.01 6.85 137*103 0.04 900
≈0.892 to
16

2055 Yes

External 0.01 4.72 95*103 0.026 515 ≈6 to
-14 2150 No

Figure 16. Fault generated BTW for PTG,NTG and PTP fault at terminal,
mid point and end point.

Figure 17. Fault generated BTW for PTG, NTG and PTP fault with Rg =
100 Ω at terminal, mid point and end point.

algorithms for R1 and R2 initiate modal analysis to identify
pole mode and ground mode components. This analysis
detects the backward traveling wave produced by the fault
as shown in Fig. 16 and calculates integral value of ∆B for
10 ms, compares it against various thresholds to deduce
whether the fault is an internal PTG fault, NTG fault, PTP
fault, or an external fault.

Case-2: PTG and NTG fault with Rg = 100 Ω

Fig. 2 illustrates various faults occurring at different lo-
cations along the line: PTGMTR and NTGTR near the
terminal of MMC-1 (points F1 and F2), PTGMR and NT-
GMR,at the midpoint of the transmission line (points F3

and F4), PTGER and NTGER (points F5 and F6), at the end
point of line.
Table 3 provides the performance results for the CBTW pro-
tection method for overhead lines, including Fault Classifi-
cation Criteria and internal/external distinction for different
fault types. It confirms that the CBTW protection scheme ef-
fectively handles all types of internal low-impedance faults
but may be inconsistent with high-impedance faults. Ad-
ditionally, In the context of two-terminal MMC HVDC
system, it lacks the ability to ensure selectivity and relia-
bility under external faults. The primary impact of fault
distance on traveling wave protection is the attenuation of
amplitude and increased propagation time. Fault resistance
also reduces the amplitude of traveling waves and subse-
quently affecting the amplitude-based protection criteria
which can be observed from following Table 4.

5. Comparative analysis of PMGMW and
CBTW

The quantitative comparison illustrates the strengths and
weaknesses of each protection scheme, providing a clear
understanding of their performance under different fault
conditions. Below is a quantitative comparison between the
PMGMW and CBTW protection schemes across various
fault scenarios and types.

6. Summary for protection schemes
This research primarily relies on simulation-based analy-
sis, which, while comprehensive, may not fully capture
the complexities of real-world operations. The simulations
were conducted under idealized conditions, with assump-
tions such as perfect component behavior and the absence
of noise or interference. These factors may influence the
performance of the protection schemes in practical settings.
Additionally, the study focused on a limited number of fault
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Table 3. Summary of CBTW protection scheme.

Fault Type Fault Location
(kms)

Fault Resistance
(Rg) in Ω

Integrated value
of ∆B (kV)

Correct
Operation

Positive Pole
to Ground

(PTG)

0 0.01 1.26 Yes
0 100 0.95 Yes

200 0.01 0.7719 Yes
200 100 0.548 Yes
400 0.01 0.5084 Yes
400 100 0.282 No

External 0.01 0.0172 No

Negative Pole
to Ground

(NTG)

0 0.01 -0.020 Yes
0 100 -0.009 Yes

200 0.01 -0.0156 Yes
200 100 -0.016 Yes
400 0.01 -0.0251 Yes
400 100 -0.002 No

External 0.01 0.0144 No

Pole to Pole
(PTP)

0 0.01 4.25 Yes
200 0.01 1.573 Yes
400 0.01 2.12 Yes

External 0.01 0.0557 No

Table 4. Backward Travelling wave and its arrival time.

Fault Type
Fault

Location
(kms)

Fault Resistance
(Rg) in Ω

Backward
Travelling wave

voltage
(kV)

Arrival time
of Backward

Travelling wave
(ms)

Positive Pole to
Ground (PTG)

0 0.01 651 0.05
0 100 261 0.06
200 0.01 462 0.7
200 100 300 0.75
400 0.01 367 1.43
400 100 216 1.45

Negative Pole to
Ground (NTG)

0 0.01 661 0.06
0 100 268 0.07
200 0.01 463 0.7
200 100 300 0.75
400 0.01 347 1.43
400 100 347 1.45

Pole to Pole
(PTP)

0 0.01 2816 0.05
200 0.01 2279 0.7
400 0.01 2055 1.43
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Table 5. Comparison of PMGMW and CBTW.

PMGMW CBTW

Fault Resistance
Endurance

Successfully identifies internal faults
with fault resistances up to 100 Ω.

Handles internal faults effectively
at lower resistances but struggles
with higher resistances.

For a positive pole-to-ground fault at
400 km with 100 Ω resistance, the change
in pole mode wave (∆P) is 0.284 kV
and the rate of change of pole mode
wave dP

dt is 5.7 × 103 kV/s

For a positive pole-to-ground fault at
400 km with 100 Ω resistance, the integrated
value of backward traveling wave (∆B) is
0.282 kV, which is at the threshold of
being detected, indicating potential
reliability issues..

For a negative pole-to-ground fault at
400 km with 100 Ω resistance, the change
in pole mode wave (∆P) is 0.26 kV and
the rate of change of pole mode wave
dP
dt is 5.2 × 103 kV/s.

For a negative pole-to-ground fault at
400 km with 100 Ω resistance, the integrated
value of ∆B is -0.002 kV, which is below
the detection threshold, indicating that
CBTW protection fails to detect this fault.

Fault Location
Accuracy

Demonstrates high accuracy in fault
location across different distances.

Also provides high accuracy in fault location
but with limitations at higher resistances.

For example, for a positive pole-to-ground
fault at 400 km with 0.01 Ω resistance, the
system measures a ground mode wave (G)
of 476 kV and a pole mode wave (P) of
367 kV, enabling accurate fault location.

For instance, for a pole-to-pole fault at
400 km with 0.01 Ω resistance, the integrated
value of ∆B is 2.12 kV, allowing accurate
detection, but for higher resistance,
accuracy diminishes.

Processing Time

Generally slower in processing faults due
to the comprehensive analysis of multiple
criteria.

Faster in detecting faults, particularly
in low-resistance scenarios.

The processing time is longer, which may
slightly delay fault isolation but ensures
robustness against high-resistance faults.

The processing time is shorter, providing
quicker fault isolation, but this comes
at the cost of reduced accuracy in
high-resistance fault scenarios.

High Resistance
Fault Detection

Maintains detection capability even in
high-resistance fault scenarios (up to 100 Ω),
making it more reliable for a broader
range of fault conditions.

Struggles with high-resistance faults; beyond a
certain threshold (around 100 Ω at 400 km),
the scheme may fail to detect the fault,
particularly in PTG/NTG scenarios.

External Fault
Differentiation

May or may not detect external faults correctly,
especially at large distances (e.g., 400 km),
where ∆P and dP

dt
exceed thresholds, potentially leading
to misidentification.

Similarly, struggles with differentiating
external faults, especially at high resistances,
where ∆B values can fall within ranges
that make detection unreliable.
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Table 6. Quantitative Comparison between PMGMW and CBTW.

Fault Type Fault
Location Fault Resistance (Ω) Metric PMGMW CBTW

Positive Pole
to Ground

(PTG)

Near
Terminal
(0 km)

0.01
∆P (kV) 1.2 N/A
dP
dt (kV/s) 25.3 × 103 N/A
∆B (kV) N/A 1.26

Midpoint
(200 km)

0.01
∆P (kV) 0.9 N/A
dP
dt (kV/s) 17.5 × 103 N/A
∆B (kV) N/A 0.7719

End
Point

(400 km)
0.01

∆P (kV) 0.56 N/A
dP
dt (kV/s) 11.33 × 103 N/A
∆B (kV) N/A 0.5084

Positive Pole
to Ground

(PTG)

Near
Terminal
(0 km)

100
∆P (kV) 0.4 N/A
dP
dt (kV/s) 8 × 103 N/A
∆B (kV) N/A 0.95

End
Point

(400 km)
100

∆P (kV) 0.284 N/A
dP
dt (kV/s) 5.7 × 103 N/A
∆B (kV) N/A 0.282

Negative Pole
to Ground

(NTG)

Near
Terminal
(0 km)

0.01
∆P (kV) 1.28 N/A
dP
dt (kV/s) 25.6 × 103 N/A
∆B (kV) N/A -0.02

Midpoint
(200 km)

100
∆P (kV) 0.5 N/A
dP
dt (kV/s) 9.9 × 103 N/A
∆B (kV) N/A -0.016

End
Point

(400 km)
100

∆P (kV) 0.26 N/A
dP
dt (kV/s) 5.2 × 103 N/A
∆B (kV) N/A -0.002 (Failed)

Pole to
Pole

(PTP)

Near
Terminal
(0 km)

0.01
∆P (kV) 6.02 N/A
dP
dt (kV/s) 120 × 103 N/A
∆B (kV) N/A 4.25

Midpoint
(200 km)

0.01
∆P (kV) 5.56 N/A
dP
dt (kV/s) 98.5 × 103 N/A
∆B (kV) N/A 1.573

End Point
(400 km)

0.01
∆P (kV) 6.85 N/A
dP
dt (kV/s) 137 × 103 N/A
∆B (kV) N/A 2.12

PMGMW CBTW

Processing
Time

It has a longer processing time due to the
comprehensive analysis of multiple criteria,
such as ∆P, dP

dt and dG
dt . This thorough approach ensures

reliability, particularly in high-resistance
fault scenarios, but it slightly delays the
fault isolation process. The exact processing
times are not explicitly provided in the
figures but can be inferred as being slower
compared to CBTW.

It is designed for faster fault detection,
particularly effective in low-resistance
fault scenarios. The faster processing
is achieved by focusing on the rate of
change of voltage (ROCOV) and the
integral value of ∆B within a short time
window (10 milliseconds). The figures
suggest that CBTW scheme can detect
faults almost immediately after they
occur, especially in scenarios with low
resistance, making it quicker but less
robust in certain high-resistance conditions.

Accuracy

This protection shows high accuracy in
identifying fault locations and types
across various scenarios, including
high-resistance faults. For example,
in a PTG fault at 400 km with 100 Ω

resistance, the scheme successfully
identifies the fault with ∆P = 0.284 kV
and dP

dt = 5.7 × 103 kV/s, demonstrating its
reliability even in challenging conditions

This protection provides accurate fault
detection in low-resistance scenarios
but struggles with high-resistance faults.
For instance, in an NTG fault at 400 km
with 100 Ω resistance, the ∆B value is
-0.002 kV, which is below the detection
threshold, resulting in a failure to detect
the fault. However, in low-resistance
scenarios, such as a PTP fault at 400 km
with 0.01 Ω resistance, the ∆B value of
2.12 kV indicates accurate detection.
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Table 7. Summary Table of Key Metrics.

Metric PMGMW Protection CBTW Protection
Max Fault Resistance (Internal) 100 Ω (Reliable) Up to 100 Ω (Unreliable for negative pole)

Processing Time Slower (More thorough analysis) Faster (Quicker fault isolation)
Accuracy at 400 km, 0.01 Ω ∆P = 0.56 kV, dP/dt = 11.33× 103 kV/s ∆B = 2.12 kV (Reliable for PTP faults)
Accuracy at 400 km, 100 Ω ∆P = 0.284 kV, dP/dt = 5.7× 103 kV/s ∆B = 0.282 kV (Unreliable)

External Fault Detection May misidentify at large distances Inconsistent, particularly in high resistance scenarios

scenarios and did not explore multi-terminal HVDC sys-
tems or varying environmental conditions. As such, the
findings may require further validation through field tests
or more complex simulations incorporating real-world dis-
turbances and system variances.
This study analyzes and compares the performance of trav-
eling wave protection by CBTW and PMGMW of LCC
HVDC system to two terminal MMC HVDC system based
on transition resistance, fault distance, internal and exter-
nal faults. The findings indicate that PMGMW protection
demonstrates a higher tolerance to transition resistance than
CBTW protection. Both CBTW and PMGMW traveling
wave protection schemes utilize rate-of-change criteria to
enhance fault discrimination. CBTW employs change in
fault generated backward travelling wave for fault line se-
lection, whereas PMGMW utilizes the rate of change of
ground mode component for this purpose. To address the
limitations of traveling wave protection schemes for DC
line by both PMGMW and CBTW, an improvement points
are proposed based on existing criteria. These research out-
comes are valuable for operation and maintenance personnel
in understanding and enhancing traveling wave protection
technology for MMC HVDC lines.
1) Speed takes precedence when safeguarding MMC HVDC
grids, unlike AC power systems and LCC-HVDC sys-
tems. Consequently, ultra-high-speed single-end protection
schemes are predominantly chosen. A high sampling fre-
quency is essential to uphold the reliability of single-end
protection, ensuring an effective balance between speed and
sensitivity.
2) Modal-domain analysis decouples positive and negative
pole interactions to analyze asymmetric faults. It uses zero-
mode for faulted pole selection and line-mode for internal
faults. Time-domain analysis studies traveling wave propa-
gation revealing voltage and current variations for external
versus internal faults. Frequency-domain analysis identifies
high-frequency components in transient currents and volt-
ages which is difficult for time domain analysis.
3) Present single-end protection schemes commonly use
boundary protection with large current-limiting inductors
for selectivity and sensitivity. These methods include time-
domain traveling wave (TW) approaches, signal process-
ing techniques, and voltage-based methods with current-
limiting inductors. To improve performance in weaker
boundary conditions, research is required for single-end
protection schemes independent of boundary effects.
4) Protection should be robust, accurate and fast. It should
not be affected by fault resistance and noise interference.
Signal processing tool like FFT, Wavelet Transform etc. can
effectively overcome mentioned issue.

5) A suitable DC direction criterion for MMC HVDC grids,
particularly one that does not rely on boundary components,
remains to be developed. The enhanced transient traveling
wave-based directional criterion, which does not rely on
boundary components and is unaffected by the frequency-
dependent characteristics of DC line parameters, can be
used.
6) The recognition of both internal and external faults relies
on detection of high-frequency voltage components. Thus,
it is imperative to employ signal processing techniques that
are adept at extracting these high-frequency components
effectively.

7. Conclusion

The performance of CBTW’s and PMGMW’s travelling
wave-based protection schemes was evaluated using a va-
riety of criteria, such as fault resistance handling, fault
location accuracy, and processing time.” PMGMW’s pro-
tection scheme exhibited exceptional fault resistance en-
durance, effectively identifying faults with resistances as
high as 100 Ω, thereby increasing its reliability in scenarios
with high-resistance faults. Nevertheless, it demonstrated
extended processing periods in comparison to CBTW’s
scheme, which was more efficient in fault detection but
less effective in distinguishing high-resistance faults. The
two schemes demonstrated comparable fault location accu-
racy, with both demonstrating high precision in identifying
fault locations across a range of distances. In the selec-
tion of suitable protection mechanisms for MMC HVDC
systems, the trade-offs between speed and robustness are
emphasized by these results. Thus, PMGMW Protection of-
fers High accuracy in high-resistance fault detection, robust
fault location capabilities against slower processing time,
potential misidentification of external faults at long dis-
tances. Whereas, CBTW Protection offers faster processing
time, and seems effective in low-resistance scenarios against
lower accuracy in high-resistance fault detection, particu-
larly with PTG/NTG faults at long distances. This detailed
comparison provides a clear understanding of the trade-offs
between processing speed and accuracy in the two pro-
tection schemes, highlighting their suitability for different
operational contexts in MMC HVDC systems. Additionally,
the paper suggests modifications to the algorithmic thresh-
olds and processing steps, optimizing the balance between
speed and reliability. These enhancements address critical
challenges in current protection systems that attempts to
offer a more robust solution for modern HVDC grids.
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8. Nomenclature
PMGMW- Pole Mode Ground Mode Wave
CBTW- Change in Backward Travelling Wave
PTGT- Positive Pole to Ground fault at Terminal
NTGT- Negative Pole to Ground fault at Terminal
PTPT- Pole to Pole Fault at Terminal
PTGTR- Positive Pole to Ground Fault at terminal with R
NTGTR- Negative Pole to Ground Fault at Terminal with R
PTGM- Positive Pole to Ground fault at Mid Point
NTGM- Negative Pole to Ground fault at Mid Point
PTPM- Pole to Pole Fault at Mid Point
PTGMR- Positive Pole to Ground Fault at Mid Point with R
NTGMR- Negative Pole to Ground Fault at Mid Point with
R
PTGE- Positive Pole to Ground fault at End Point
NTGE- Negative Pole to Ground fault at End Point
PTPE- Pole to Pole Fault at End Point
PTGER- Positive Pole to Ground Fault at End Point with R
NTGER- Negative Pole to Ground Fault at End Point with R
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